Membrane design and characterisation by incorporation of ionic liquids by Neves, Luísa Alexandra Graça
Luísa Alexandra Graça Neves
Membrane Design and








Luísa Alexandra Graça Neves
Membrane Design and
Characterisation by Incorporation of
Ionic Liquids
Dissertação apresentada para obtenção do Grau de Doutor em
Engenharia Química, especialidade de Operações Unitárias e Fenómenos de
Transferência, pela Universidade Nova de Lisboa,





Em primeiro lugar gostaria de agradecer aos orientadores deste trabalho, João Paulo Crespo
e Isabel Coelhoso por me terem proposto o presente trabalho de inegável interesse cientí-
fico, e por tudo terem feito para que o conseguisse levar a bom termo. O meu agradecimento
pelo apoio científico, e também humano, que me deram ao longo destes anos permitindo-
me ultrapassar todas as dificuldades. O seu sentido crítico e criativo, disponibilidade, exi-
gência e rigor, bem como a amizade demonstrada foram decisivos para a realização deste
trabalho. Agradeço-lhes ainda terem-me proporcionado e incentivado nos contactos e in-
tercâmbio científico com outros grupos de investigação, os quais seguramente foram im-
portantes para a minha formação pessoal e científica.
À Professora Juana Benavente, da Universidade de Málaga, desejo agradecer o ter-me
recebido no seu laboratório para realizar os ensaios de espectroscopia de impedância. A
atenção e disponibilidade que sempre manifestou, bem como o seu apoio teórico benefici-
aram bastante a análise dos resultados de XPS e de impedância aqui propostos.
Ao Professor Pedro Sebastião, do Instituto Superior Técnico, desejo agradecer por me
recebido no seu laboratório para realizar os ensaios de NMR. Em particular gostaria de agra-
decer a sua disponibilidade, simpatia, por me fazer sentir parte integrante do seu grupo de
trabalho, paciência, apoio técnico e teórico e pelas longas discussões que fizeram despertar
o meu interesse para as “coisas” complicadas do mundo da Física.
Ao Professor Philipe Sistat e ao Professor Patrice Huguet o facto de me terem recebido
no Institut Europeén des Membranes, onde tive a oportunidade de trabalhar com espectros-
copia de Raman confocal e ampliar o meu conhecimento geral em relação às membranas
de Nafion.
Gostaria também de agradecer a um conjunto de pessoas pelo apoio técnico que foi
muito importante para a obtenção de alguns dos resultados presentes nesta tese, nomea-
damente, à María Martinez de Yuso da Universidade de Malaga pelas medidas de XPS, à
ii
Maria Celeste Azevedo da Universidade de Aveiro pelas medidas de termogravimetria e ao
Professor António Lopes do IBET pelas medidas de ângulos de contacto feitos às SILMs.
Agradeço ainda à Maria Jesus e à Patrícia Luís pela amizade e ajuda na realização do
trabalho relacionado com este projecto de investigação.
Aos meus colegas do BioEng agradeço a boa disposição, interesse e espírito de entrea-
juda ao longo destes anos. Em particular gostaria de agradecer ao Vitor Alves todo o apoio,
preocupação e amizade demonstrados; à Cristiana Torres, Joana Pais, Graça Albuquerque,
Rita Moita e aos restantes membros do “gang da marmita” pela amizade e pelos momentos
de risota e descontracção; e em especial, à Ana Rita Ricardo pela amizade, ajuda, “paciên-
cia” para me ouvir e me aturar quando estava mais rabugenta, e pelo optimismo sempre
presente que me ajudou a olhar para todas as dificuldades de uma maneira mais positiva.
À minha família, aos meus pais, à Célia, Vitor, André e Mariana, queria agradecer todo
o apoio, incentivo, interesse e miminhos dados ao longo de todo este tempo.
Por último, um agradecimento muito, muito, muito especial ao Zé Luís pelo apoio in-
condicional, motivação e incentivo contantes, por toda a ajuda e interesse demonstrados
pelo meu trabalho, pela compreensão e carinho presente nos momentos mais complica-
dos, e principalmente por acreditar sempre em mim.
iii
Sumário
Nesta tese de doutoramento foi estudado o desenho e a caracterização de novas
membranas preparadas pela incorporação/imobilização de líquidos iónicos. Estas
membranas foram desenvolvidas tendo em vista duas aplicações distintas: células
de combustível e separação de CO2 de correntes gasosas.
Na primeira parte do trabalho desenvolvido neste projecto de doutoramento,
membranas de Nafion foram modificadas através da incorporação de diferentes ti-
pos de catiões de líquidos iónicos, com diferentes graus de concentração, a fim de
avaliar o potencial para utilização em células de combustível. A caracterização das
membranas de Nafion modificadas foi efectuada utilizando as seguintes técnicas:
XPS (Espectroscopia de fotoelectrões de raios-X), EIS (Espectroscopia de Impedân-
cia Electroquímica), NMR (Relaxação Magnética Nuclear de Protão) e termogravi-
metria. Foram ainda efectuados estudos de transporte de metanol e de gases pu-
ros, e todos os resultados obtidos foram comparados com os de uma membrana de
Nafion não modificada. Verificou-se que é possível desenhar membranas com pro-
priedades ajustadas, consoante o catião de líquido iónico incorporado e o seu grau
de incorporação. Para além disso, verificou-se que a introdução de catiões volumo-
sos de líquidos iónicos altera o teor em água existente na membrana e o seu grau
de estruturação. Estas alterações no grau de estruturação da água melhorou a esta-
bilidade das membranas modificadas a altas temperaturas (até 200 °C) e reduziu o
transporte de metanol e de gases. No entanto, a abordagem seguida neste trabalho
de modificação de membranas de Nafion com catiões de líquidos iónicos reduziu a
sua mobilidade protónica quando comparada com a de uma membrana de Nafion
não modificada.
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Na segunda parte do trabalho desenvolvido nesta tese, diferentes líquidos ió-
nicos foram imobilizados na estrutura porosa de membranas poliméricas, a fim
de avaliar o seu potencial para utilização em processos de permeação gasosa. Fo-
ram efectuados estudos para avaliar a estabilidade das membranas suportadas com
líquidos iónicos, utilizando diferentes suportes de distinta hidrofobicidade. Para
além disso, foram determinados valores de permeabilidade para gases puros, gases
humificados e misturas gasosas. Verificou-se que as membranas assim desenhadas
são estáveis e muito selectivas para o CO2, quando comparado com o N2 ou com o
CH4. Verificou-se que a presença de vapor de água na corrente gasosa é um parâ-
metro que deverá ser tido em conta no estudo do processo, uma vez que afecta a
estabilidade das membranas. Neste trabalho, os resultados obtidos relativamente à
separação CO2/CH4 são bastante promissores, indicando que membranas suporta-
das com líquidos iónicos podem ser utilizadas para esta separação em particular.
Neste trabalho de doutoramento foi demonstrado que, modificando os dois ti-
pos de membranas com líquidos iónicos – membranas de Nafion e membranas
poliméricas porosas – as suas propriedades podem ser ajustadas e melhoradas de
acordo com uma aplicação específica, através de uma selecção cuidadosa da estru-
tura do líquido iónico e/ou da sua concentração.
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Abstract
This thesis concerns the design and characterisation of new membranes prepared
by incorporation/immobilisation of ionic liquids (ILs). These membranes were de-
veloped aiming for two distinct applications: fuel cells and CO2 separation from gas
streams.
In the first part of this PhD thesis, Nafion membranes were modified by incor-
porating different types of ionic liquids cations, with different degrees of concentra-
tion, in order to evaluate their potential use for fuel cells. The characterisation of
the modified Nafion/IL cation membranes was performed using the following tech-
niques: XPS (X-ray photoelectron spectroscopy), EIS (Electrochemical Impedance
Spectroscopy), proton NMR relaxometry and thermogravimetry analysis. Methanol
and gas crossover studies were also performed for these modified Nafion/IL cation
membranes. It has been shown that it is possible to obtain membranes with tailored
properties, depending on the IL cation incorporated and its degree of incorporation.
Moreover, the introduction of the bulky IL cations leads to changes in the mem-
brane water content and in the water degree of structuring. Modifications in the
water structuring improved the stability of the modified membranes at high temper-
atures (up to 200 °C) and reduced both their methanol and gas crossover. However,
this modification appears to decrease the proton mobility (at room temperature)
when compared to that of an unmodified Nafion membrane.
In the second part of this Thesis, different ionic liquids were immobilised in the
porous structure of polymeric porous membranes, in order to evaluate their poten-
tial use for gas separation processes. Studies were performed to assess the suppor-
ted ionic liquid membranes (SILMs) stability, using membrane supports of different
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chemical nature. Moreover, permeabilities were measured for pure gases, humid-
ified gases, and gas mixtures. It was concluded that the SILMs are stable (for dif-
ference pressures up to 2 bar) and highly selective for CO2, when compared with
N2 and CH4. The presence of water vapour in the gas stream is an important factor,
since it decreases their selectivity. In this work, the results obtained for the CO2/CH4
separation are rather promising suggesting SILMs may be potentially applied for
this specific gas separation.
This work shows that by using ionic liquids in both membrane types – Nafion
membranes and polymeric porous membranes – the properties of the membranes
can be tuned and improved according with the application envisaged, through a
careful selection of the IL structure and its concentration.
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Résumé
Dans cette thèse étudie la conception et la caractérisation de nouveaux membranes
préparées par l’incorporation et l’immobilisation des liquides ioniques. Ces mem-
branes ont été élaborés en vue de deux applications distinctes : la cellule de com-
bustible et de séparation du CO2 des flux de gaz.
Dans la première partie du travail développé dans ce projet de thèse, mem-
branes Nafion ont été modifiés par l’incorporation différents types de cations des
liquides ioniques avec différents degrés de concentration afin d’évaluer le potentiel
d’utilisation dans les piles à combustible. La caractérisation des membranes Nafion
modification a été effectuée en utilisant les suivantes techniques : XPS (spectrosco-
pie de photoélectrons de rayos X), EIS (impédance électrochimique Spectroscopy),
RMN (relaxation magnétique nucléaire des protons) et thermogravimétrie. Ont éga-
lement été menées des études sur le transport de méthanol et de gaz purs, et tous
les résultats ont été comparés avec ceux d’une membrane Nafion non modifié. Il
a été constaté qu’il est possible de concevoir des membranes avec des propriétés
ajusté, selon le cation liquide ionique constituée et le degré d’intégration. En outre,
il a été constaté que l’introduction de cations volumineux de changements liquides
ioniques la teneur en eau existant dans la membrane et le degré de structuration.
Ces changements dans le degré de structuration de l’eau a amélioré la stabilité de
la modification de membranes à haute température (jusqu’à 200 °C) et réduire le
transport de méthanol et de gaz. Toutefois, l’approche adoptée dans ce travail de
modifier la membrane Nafion avec les cations des liquides ioniques a réduit sa mo-
bilité protons par rapport à une membrane Nafion non modifié.
Dans la deuxième partie de l’œuvre dans cette thèse, différents liquides ioniques
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ont été immobilisés sur des membranes de polymère poreux afin d’évaluer leur po-
tentiel d’utilisation dans les processus de perméation gazeuse. Des études ont été
effectuées pour évaluer la stabilité des membranes soutenues par des liquides io-
niques, en utilisant différents médias pour hydrophobicité différents. En outre, les
valeurs de perméabilité ont été déterminées pour les gaz purs, des gaz et mélanges
de gaz décomposé. Il est conçu de sorte que les membranes sont stables et haute-
ment sélectif pour le CO2, par rapport à N2 ou CH4. Il a été constaté que la présence
de vapeur d’eau dans le gaz est un paramètre qui doit être pris en compte dans
l’étude du processus, car il influe sur la stabilité des membranes. Dans cet article,
les résultats concernant la séparation du CO2 et de CH4 sont très prometteurs, ce
qui indique que les membranes avec appuyé liquides ioniques peuvent être utilisés
pour cette séparation en particulier.
Dans cette thèse il a été démontré qu’en modifiant les deux types de membranes
liquides ioniques - membranes Nafion et membranes poreuses - leurs propriétés
peut être adaptée et améliorée en fonction à une application spécifique, à travers





ARXPS Angle resolution XPS
A.C. Atomic concentration, %
B.E. Binding energy, eV
BMIM+PF–6 1-n-Butyl-3-methylimidazolium hexafluorophosphate
BPP Bloembergen, Purcel and Pound model
C Capacitance, F
CPEi Equivalent capacitance, F
CTA+Br– Hexadecyltrimethylammonium bromide
[C4MIM][PF6] 1-n-Butyl-3- methylimidazolium hexafluorophosphate
[C8MIM][PF6] 1-n-Octyl-3-methylimidazolium hexafluorophosphate
[C4MIM][BF4] 1-n-Butyl-3- methylimidazolium tetrafluoroborate
[C10MIM][BF4] 1-n-Decyl-3-methylimidazolium tetrafluoroborate
[C4MIM][Tf2N] 1-n-Butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide
DMFC Direct methanol fuel cell
DTA+Cl– n-Dodecyltrimethylammonium chloride
EIS Electrochemical Impedance Spectroscopy
IL Ionic Liquid
IS Impedance Spectroscopy
NMR Nuclear Magnetic Resonance
OMIM+PF–6 1-n-Octyl-3-methylimidazolium hexafluorophosphate
PEM Polymer Electrolyte Membranes / Polymer Exchange Membrane




RMTD Rotations mediated by translational displacements
RTIL Room Temperature Ionic Liquid
SLM Supported Liquid membrane




TSIL Task Specific Ionic Liquid
XPS X-ray photoelectron spectroscopy
Variables
A Cross-sectional area of the membrane, m2
D Diffusivity or diffusion coefficient, m2 s−1
f Frequency, Hz
F Faraday constant, 96485.3394(24) C mol−1
i Electric current, A
Im Maximum current intensity, A
L or l Membrane thickness, m
lmax Largest displacement distance, m
lmi n Smallest displacement distance, m
P Permeability, m2 s−1
xi
p f eed Pressure in the feed compartment, Pa
pper m Pressure in the permeate compartment, Pa
Ri Membrane resistance, Ω
R1 Proton spin-lattice relaxation rate, s−1
S Solubility
t Time, s
T1 Proton spin-lattice relaxation time, s
V f eed Volume of the feed compartment, m
3
Vper m Volume of the permeate compartment, m3
Vm Maximum voltage intensity, V
V1 Gas molar volume, cm3 mol−1
xA Mole fractions of A in the feed compartment
xB Mole fractions of B in the feed compartment
y A Mole fractions of A in the permeate compartment
yB Mole fractions of B in the permeate compartment
Z (ω) Electrical impedance, Ω
Zr eal Real part of the electrical impedance, Ω
Zi mag Imaginary part of the electrical impedance, Ω
Greek Letters
α Ideal selectivity
β Geometric parameter related with the geometry of the permeation cell, m−1
µ Proton mobility, cm2 s−1 V−1
xii
µ2 RTIL viscosity, mPa s
σ Ionic conductivity, S cm−1
τc Correlation time, s
υ Voltage applied, V
υ Larmor frequency, Hz
ϕ Take-off angle, °
χ Orientational structure factor
ω Angular frequency, Hz
ωRMT D,max High cut-off frequency, Hz
ωRMT D,mi n Low cut-off frequency, Hz
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Chapter 1
Introduction
1.1 Background and motivation
The design and modification of existing membranes is nowadays commonly ap-
plied for the fine tuning of membrane properties for specific applications. There
are several membrane applications where their design and modification proved to
be particularly important, especially when the separation and transport capabilities
of the existing membranes are not satisfactory. Within these various applications,
amongst the most studied nowadays are fuel cells and gas separations processes,
where the membrane plays a major role and may be considered as the limiting step
of the processes under study [1–3].
Fuel cells may be nowadays regarded as one of the solutions for environmental
friendly and cost effective alternatives to traditional power sources. In recent years
their demand in industry has significantly grown, and scientific publications have
increased exponentially [4]. Basically, a fuel cell is an electrochemical device which
converts chemical energy of a fuel into electricity. The fuels most commonly stud-
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Figure 1.1: Schematic representation of a (a) Hydrogen fuel cell and (b) Direct meth-
anol fuel cell.
ied are hydrogen and liquid methanol, being designated as hydrogen fuel cells and
direct methanol fuel cells, respectively. Representations of these fuel cells are shown
in Fig. 1.1.
Energy is produced in a hydrogen fuel cell (Fig. 1.1a) by the catalytic reaction
which occurs in the anode compartment, thereby dissociating hydrogen into pro-
tons and electrons. The protons produced are then transported by diffusion to the
cathode compartment through a polymer exchange membrane (PEM), while elec-
trons are transported along an external circuit from the anode to the cathode side,
producing electrical energy. In the cathode side, the protons react with oxygen
(from the air), producing water. The methanol fuel cell operation is very similar
to the one described before, with the difference that at the anode side, carbon di-
oxide is produced in the dissociation reaction of liquid methanol at the anode (Fig.
1.1b) [1, 5]. Among the innumerous parameters that may influence the perform-
ance and durability of a fuel cell, the polymer exchange membrane performance
has been regarded as the most relevant aspect to investigate. Nafion membranes
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are the most common material used in fuel cells, due to the fact that this material
presents unique characteristics such as a high ionic conductivity and, consequently
a high proton mobility which is essential for the conduction of protons from the an-
ode to the cathode. Moreover, these materials present high mechanical, chemical
and thermal stabilities at temperatures up to 80 °C. Although Nafion membranes are
considered as the reference material to be used in fuel cells, there are some limita-
tions that need to be overcome in order to further improve their performance. One
example of such limitations is the membrane water content decrease at temperat-
ures higher than 80 °C, which results in a decrease of the ionic conductivity and con-
sequently, in the decrease of its efficiency for conducting protons from the anode to
the cathode side. Therefore, Nafion membranes are not adequate for operation at
high temperatures (above 100 °C) although it would be favorable for fuel cell oper-
ation. Additionally, Nafion presents a high methanol and gas crossover, and both
could lead to fuel inefficiency [1, 5–7]. It is therefore challenging to consider modi-
fications of Nafion membrane in order to try to obtain solutions for the mentioned
drawbacks.
During the last years another area that has attracted considerable industrial in-
terest, is focused on gas separation processes, especially those where CO2 is present.
CO2 emissions are considered to be among the main contributors to the global cli-
mate change. Membrane processes have been widely studied in the literature and
are already used in industry for different gas separation processes, namely for the
production of oxygen enriched air, separation of CO2 from natural gas, and purific-
ation of H2 [3]. Amongst the diverse membrane gas separations, there are two main
applications that have been receiving the highest interest from the scientific com-
munity and industry: 1) the improvement of membranes for the capture of carbon
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dioxide from flue gas (CO2/N2) [3], and 2) the purification of natural gas (CO2/CH4)
[8]. A typical flue gas composition in post-combustion processes contains approx-
imately 70 % of N2 and 3–15 % of CO2 at a temperature of 200 °Cand at 1 atm [9].
Polymeric membranes have been widely studied for the separation of CO2 from N2
in flue gas streams [3]. Regarding natural gas, its original composition varies, de-
pending on the source. Methane is always the major component, typically between
70 %–90 % of the total, but natural gas also contains significant amounts of ethane,
propane and butane (0 %–20 %), carbon dioxide (0 %–8 %) and water, oxygen, nitro-
gen and hydrogen sulfide, in small quantities. Although the composition of natural
gas varies from source to source, it is always necessary to proceed to the purification
of natural gas before its distribution to consumers [10]. Nowadays, the purification
of natural gas using membranes occurs at high pressures of 30–60 bar, using hollow
fibber membranes or flat sheets packaged in spiral wound modules [8].
Even though there a large number of different membrane materials and oper-
ating conditions used for the separation of CO2 either from flue gas or natural gas,
the performance of existing processes to effectively separate CO2 are not yet satis-
factory. The applications developed so far have been compromised mainly by the
membrane selectivity [11]. It is therefore mandatory to develop membranes that
have a high CO2 permeability, a high CO2/N2 or CO2/CH4 selectivity, depending on
the application, to be thermally and chemical resistant to be used at high temperat-
ures and/or high pressures if necessary, and also to present resistance to plasticiza-
tion effects which normally occur due to absorption of CO2 and may have negative
implications on the process selectivity.
When using nonporous membranes in gas separations processes, the transport
occurs according to a solution-diffusion mechanism, where some of the compon-
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ents solubilizes in the membrane, followed by their diffusion across it and partition
to the permeate phase. Therefore, when choosing the best membrane to be used in
a specific gas separation process it is necessary to take into consideration not only
the diffusivity of the species within the membrane, but also the affinity/solubility
of each compound in the membrane [11]. Robeson et al. [12] estimated different
correlations regarding important gas separations with all the data available in the
literature. Examples of these gas separations are the CO2/N2 and CO2/CH4 sep-
arations. The ideal selectivity as a function of the CO2 permeability as well as the
upper bound correlations for CO2/N2 (solid line) and CO2/CH4 (dashed line) separ-
ations are represented in Fig. 1.2 [12]. The analysis of this figure indicates that more
efficient membranes for these specific separations (CO2/N2 and CO2/CH4) should
preferentially have values located above these upper bound correlations, in order
to have higher CO2 selectivity values when compared with N2 or CH4. Addition-
ally, for a membrane to be useful for the capture of carbon dioxide it should have a
high CO2 permeability, and therefore values located to the right of each one of these
upper bound correlations would be favourable [3].
One approach for enhancing flux through a solution-diffusion mechanism is to
use liquid membranes, due to the high diffusivity of gases when compared with
solid membranes, which in principle will lead to higher permeability values. In par-
ticular, supported liquid membranes (SLMs) have been considered one of the most
attractive membranes to be used in gas separation applications [13]. However, op-
erating conditions such as high temperature and high pressure, as well as lack of
differentiated selectivity towards specific gases is still limiting its application. In a
SLM configuration, a solvent is immobilised inside the porous support of the sup-
porting membrane by capillary forces. However, high temperatures may lead to the
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Figure 1.2: Robeson upper bound correlation for CO2/N2 and CO2/CH4 separations.
evaporation of the solvent contained within the membrane pores, and high pres-
sures may lead to the displacement of the liquid from the membrane pores [14].
One of the main challenges regarding supported liquid membranes is the designing
of a liquid membrane in which the solvent contained inside the membrane pores is
not lost through evaporation. Additionally, its mechanical and long-term stability
should not be affected at high operating pressures. Finally, the liquid solvent within
the membrane pores should present high selectivity values towards the specific tar-
get gas of interest.
Ionic Liquids (ILs) are regarded nowadays as valuable solvents that may in the
short to mid-term replace conventional solvents in specific applications. Ionic Li-
quids are compounds consisting entirely of ionic species, with an organic cation
and an inorganic or organic anion. The physical and chemical properties of ILs may
be tuned according to the cation and anion present in their structure, and one of
their most important properties is that they present a negligible vapour pressure.
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Moreover, due to their excellent chemical and thermal stabilities, as well as good
electrical conductivity and high ionic conductivity, ILs are becoming very attractive
in a number of applications [15, 16]. Also in the case of membrane processes, ILs
are being used in the design and modification of advanced materials that enable
performance levels not typical of conventional materials [17].
The approach followed in the work developed in this thesis was to modify both
Nafion and porous polymeric membranes with ILs. Nafion membranes are cation-
exchange membranes which means that, in the presence of an electrolyte, an ex-
change between cations occurs. In the case of modifying Nafion membranes with
ILs, it is expected that the Nafion membranes will acquire the physical and chem-
ical properties associated with the incorporation of the IL cations [18]. Generally,
it is expected that the introduction of bulky IL cations will modify the way water
is structured and involved in solvation processes, which can improve the stability
of the membrane at high temperatures, and the reduction of species transport (e.g.
methanol and gases). On the other hand, it is expected that this modification will
reduce the proton mobility of the membrane as protons are replaced by the less
mobile IL cations.
In supported liquid membranes, the use of an IL as the immobilised liquid phase
within the membrane pores may bring significant advantages. In this case, the prop-
erties of the resulting membrane after modification are associated with the ionic
liquid and not with the IL cation, as is the case of the Nafion membranes. It is ex-
pected that with such modification the loss of ionic liquid from the pores of a sup-
ported membrane by evaporation will be less than with conventional solvents due
to the negligible vapour pressure of the ILs. Moreover, ILs have shown high solubil-
ity for CO2 when compared to other gases, which encourages the use of supported
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membranes with ionic liquids in gas separations, especially when CO2 is present
[19, 20].
The main objectives of this thesis are the design and characterisation of new
membranes prepared by incorporation / immobilisation of ionic liquids and their
evaluation in two distinct applications: 1) Nafion membranes for potential use in
fuel cells; 2) supported ionic liquid membranes (SILMs) for CO2 separation from
gas streams. The first application will be focused on the incorporation of ionic li-
quids cations in proton carrier membranes - Nafion - while the second will be fo-
cused on the study of the immobilisation of ionic liquids within the porous struc-
ture of ultrafiltration membranes. The aim is to develop membranes with chemical,
mechanical and thermal stability, and unique features that will be conferred by in-
corporation/immobilisation of ionic liquids with different properties. It is expected
that ionic liquids with a large variety of properties and affinity for different types
of molecules, will enable the designing of tailor-made membranes with a defined
selectivity for specific applications.
1.2 Research strategy
Taking into consideration the objectives identified above, the work carried out was
divided in two major parts. In the first part, it was given emphasis to the develop-
ment of modified Nafion membranes in the protonated form, by replacing the H+
protons for an IL cation. Since the use of thinner membranes in polymer exchange
membrane fuel cells (PEMFCs) will improve the power efficiency of a fuel cell due
to the reduction on the ionic resistance, a Nafion-112 membrane with a thickness
of 51µm in the protonated form was chosen as the unmodified membrane (start-
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ing material) [21]. This membrane is thinner than Nafion 117 and Nafion 115, with
thicknesses of 175 µm and 125 µm, respectively, but with a thickness larger than
25µm (Nafion membrane NR211), due to the fact that the risk of membrane failure
increases with a decrease in membrane thickness. Then, different IL cations were
selected in order to cover a wide range of molecular sizes and structures.
After studying the incorporation method and quantifying the number of IL cations
incorporated in the membrane, a number of characterisation techniques were se-
lected for the characterisation of ion exchange membranes, helping answering ques-
tions such as: how is distributed the IL cation within the membrane after its modi-
fication, with different degrees of incorporation or with a maximum incorporation
degree; which were the resulting electrical properties; what happens to proton mo-
bility and to the degree of water structuring present after the modification; and fi-
nally, if the stability and proton mobility of these membranes could be affected at
high temperatures.
To start answering these questions, the first characterisation technique used in
this work was X-ray photoelectron spectroscopy (XPS). X-ray photoelectron spec-
troscopy [22] is a technique that consists of irradiating a sample with X-rays un-
der vacuum and measuring the kinetic energy of the photoelectrons ejected from
the surface of the sample. The emitted electrons binding energy can be calculated
as: Ebi ndi ng = Ephoton - Eki neti c , where Eki neti c is the measured kinetic energy and
Ephoton is the energy of the X-ray incident radiation. Since the binding energies of
the electrons are characteristic of each chemical element, it is possible to identify
which elements are present in a thin layer of the membrane’s surface and calcu-
late their relative percentages [22]. Additionally, by changing the irradiation angle
(designed as take-off angle), it is possible to obtain this chemical characterisation
10 Introduction
at different depths inside the membrane, in the range between 2.5 nm and 9.3 nm
deep. In this thesis this characterisation technique was used to evaluate wether the
IL cations were incorporated in the Nafion membrane and to evaluate their distri-
bution in the membrane surface layer.
After verifying that the IL cation was indeed incorporated in the membrane,
the electrical properties of these membranes were determined using Electrochem-
ical Impedance Spectroscopy (EIS). Impedance Spectroscopy (IS) [23] is a powerful
method for characterising many of the electrical properties of materials and their
interfaces with electronically conducting electrodes. Since impedance is frequency-
dependent, in general IS measurements consist in applying an alternating voltage,
over a wide frequency range, to an electrochemical cell and by measuring the result-
ing electric current. The applied voltage (υ) is a sine wave input, varying with time
(t ) and defined by:
υ(t ) =Vm sin(ω t ) (1.1)
where Vm is the maximum voltage intensity and ω = 2τ f is the angular fre-
quency. The resulting electric current (i ) is also a sin wave and is defined by:
i (t ) = Im sin(ω t +θ) (1.2)
where Im is the maximum current intensity, ω the angular frequency, and θ
the phase difference between the voltage and the current. The electrical imped-
ance is defined as the ratio between the applied voltage and the resulting electric
current,Z (ω) = υ(t )/i (t ) , and may be expressed as
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Z (ω) = Zr eal + j Zi mag (1.3)
where Zr eal is the real part of the electrical impedance and Zi mag is its imaginary
part. In order to interpret the results, the experimental data can be represented in a
Nyquist plot, where the impedance imaginary part (-Zi mag ) is represented as a func-
tion of the impedance real part (Zr eal ); or in a Bode plot, where the real (Zr eal ) or
the imaginary part (-Zi mag ) of the impedance is represented against the frequency
(f). By analysing the shape of the curves of both representations it is possible to
conclude qualitatively if the system behaves like a parallel resistance-capacitor (RC)
circuit (semicircle representation in the Nyquist plot) or if the system under study is
complex and involves two or more subsystems with different dielectric properties.
In this case two or more relaxation processes may appear in the Nyquist and Bode
plots, and the equivalent circuit for the entire system is a series association of two
or more RC elements, one for each sub-system [23]. Quantitatively, it is also pos-
sible to analyse the experimental data using a specific software, in order to quantify
the electrical parameters, such as resistances (R) and capacitances (C) present in
the system under study. In this thesis, impedance spectroscopy was used as a mon-
itoring tool to follow the incorporation of the different IL cations into Nafion until
reaching equilibrium. For each incorporation degree, it was possible to determ-
ine the electrical properties of modified Nafion membranes and consequently to
understand the influence of different degrees of incorporation of IL cations on the
electrical properties of these membranes.
Following the characterisation of the modified Nafion/IL cation membranes,
thermogravimetric analysis seemed the best technique to further investigate if the
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modified Nafion/IL cation membranes retained their water content at increasing
temperatures, when compared with an unmodified Nafion membrane. Thermogra-
vimetric Analysis [24] is a technique that allows for determining changes in samples
weight with changes in temperature. This analysis relies on a high degree of pre-
cision of three parameters: the weight, the temperature, and temperature changes.
For that purpose this technique usually requires a high-precision balance with a
pan (generally platinum) loaded with the sample. The pan is placed in a small elec-
trically heated oven with a thermocouple to measure the temperature with high ac-
curacy. An inert gas is used for purging the atmosphere for preventing oxidation or
other undesired reactions. The analysis is carried out by increasing the temperat-
ure gradually and plotting the weight against temperature [24]. This technique was
used in this work to evaluate the degree of water loss of the modified membranes
with increasing temperature (up to 210 °C). The results obtained were compared
with those obtained for an unmodified Nafion membrane, to assess their stability
and potential use as PEM for fuel cells.
After concluding that the modification of Nafion membranes using this proced-
ure has potentially interesting properties for its application in fuel cells, the ques-
tion that arose was: what will happen to the proton mobility and to the molecular
mobility of these membranes at room temperature and, especially, at high temper-
atures? To answer this question Proton Nuclear Magnetic Resonance (NMR) Relax-
ometry studies were performed in a wide frequency range. The proton NMR re-
laxation technique describes the energy exchange between the proton spins of the
hydrogen nuclei and the energy exchange between this spin system and the sur-
rounding lattice. These energy exchanges are characterised by two relaxation rates:
the spin-spin relaxation rate, R2=1/T2, and the spin-lattice relaxation rate, R1=1/T1,
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where T2 is defined as the spin-spin relaxation time and T1 as the spin-lattice re-
laxation time. Generally, the molecules are orientated in a defined way when they
are in the presence of a magnetic field. In these experiments, the magnetic field is
disturbed, for example by reversing its direction in 180 degrees, and the time that
takes for the molecules to be reoriented with the magnetic field is measured (T1 and
T2). When both relaxation times are determined for a large range of Larmor fre-
quencies (υ ) it is possible to obtain information regarding the molecular dynamics
of the system. The Larmor frequency is defined as υ = γB2π , where B is the magnetic
field and γ is the proton gyromagnetic ratio [25]. The strategy followed when using
this technique was to select three different IL cations that in the previous studies
have shown to be potentially the most interesting ones. By using NMR relaxometry
an effort was made in understanding on the one hand the proton mobility and on
the other hand to identify different levels of confinement within the modified mem-
branes. This study was carried out at three different temperatures, 23 °C, 80 °C and
120 °C.
To conclude the first part of this thesis, methanol and gas crossover studies of the
modified Nafion/IL cation membranes were performed. Methanol crossover stud-
ies were performed to understand if these modified Nafion/IL cation membranes
are less permeable to methanol and whether they could be used in direct methanol
fuel cells applications (Fig. 1.1b). The effect of using different degrees of incorpor-
ated IL cations, as well as the type of IL cation incorporated, was studied in detail
in the transport of methanol. Moreover, gas crossover studies were performed, spe-
cifically for the gases that may be present as reagents or reaction products in both
fuel cells configurations (Fig. 1.1), since a high crossover may have a negative effect
on the fuel cell performance. The H2, O2, N2 and CO2 permeabilities were determ-
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ined for the equilibrium degree of concentration for each IL cation incorporated in
Nafion.
The second part of this thesis was dedicated to the development of stable sup-
ported ionic liquid membranes (SILMs) for potential applications in CO2/N2 and
CO2/CH4 separations. Different ILs were immobilised in two different polymeric
membranes with different nature. All the selected ionic liquids were based on the
imidazolium cation due to the fact that they present a higher selectivity for CO2,
while the different nature of the membranes supports in terms of hidrophilicity and
hidrophobicity was studied in order to understand their effect on the SILMs stabil-
ity. To evaluate if the SILMs have potential to be used in gas separations, pure gas
permeation studies were firstly carried out and ideal selectivities were calculated.
After verifying that the SILMs are very selective for CO2 when compared to other
gases, especially CH4, focus was then given to study the effect of the presence of wa-
ter vapour in the gas streams on the stability of a SILM. Water vapour, even in small
quantities, is present in many gas streams. Therefore, this is an important para-
meter which is necessary to take into account when using SILMs in gas separation
processes. Indeed, recent studies have suggested that these membranes have the
ability to form water clusters in the presence of water, which are expected to signi-
ficantly influence both the membrane gas selectivity and permeability. Finally, gas
mixture experiments were also carried out by preparing binary mixtures of CO2/N2
and CO2/CH4 to assess the effect of using gas mixtures on the permeability and se-
lectivity when compared with pure gases. The results obtained were compared with
the data available in the literature and strategies for designing better SILMs for these
specific applications are proposed.
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1.3 Thesis Outline
This Thesis is divided into six chapters, following the work performed during this
PhD project. Each chapter includes a short review of the state of the art, describes
the materials and methods used in that chapter and discuses the results and main
conclusions obtained in that part of the work. The methodology used in each indi-
vidual chapter is detailed in the context of the respective subject and, when applic-
able, is related to that used in previous chapters. Chapter 2, 3 and 4, are dedicated
to the study of the incorporation of ionic liquids cations in Nafion membranes and
their characterisation. Chapter 5 is dedicated to the study of immobilisation of ionic
liquids in porous membranes and gas permeation studies. The work performed
during this PhD has resulted in three scientific articles, presented in Chapters 2, 4
and 5, respectively. The article related to Chapter 2 is already published, and the
articles related to Chapters 4 and 5 were recently submitted for publication.
Chapter 1 introduces this Thesis, by presenting the context and motivation for
this PhD project, and the research strategy followed.
Chapter 2 presents the approach used for the incorporation of cations of ionic li-
quids in Nafion membranes. The quantification of the concentration of the cations
of ionic liquid incorporated in the Nafion membranes was made through measure-
ments of pH and conductivity, and also by studies of XPS (X-ray photoelectron spec-
troscopy). The electric properties of the modified Nafion membranes were char-
acterised by EIS (Electrochemical Impedance Spectroscopy). Finally, information
obtained with thermogravimetry analysis was included to establish a possible re-
lationship between the modified Nafion membrane stability at high temperatures
with the water content and its degree of structuring.
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Following the characterisation studies of Nafion membranes modified with ionic
liquid cations, in Chapter 3, these modified membranes were characterized by Pro-
ton Nuclear Magnetic Resonance (NMR) Relaxometry. The aim of this study was
to characterise these modified membranes in terms of their proton mobility and to
distinguish different molecular motions that are related with degrees of structuring
within the membrane polymeric matrix. The effect of the stability of these mem-
branes at high temperatures in terms of proton mobility was also assessed using
this characterisation technique.
In Chapter 4, studies of methanol and gas crossover were performed in Nafion
membranes modified with ionic liquid cations, in order to evaluate their potential
for direct methanol fuel cells applications. The effect of using different degrees of
incorporated IL cations, as well as the type of IL cation incorporated, in the trans-
port of methanol and gases were studied. These results were compared with those
obtained with an unmodified Nafion membrane.
Chapter 5 is dedicated to the study of immobilisation of ionic liquids within the
porous structure of polymeric membranes, in order to study the potential of using
supported ionic liquid membranes (SILMs) for CO2/N2 and CO2/CH4 gas separa-
tions. Different aspects were investigated in this chapter, namely: the evaluation
of the SILMs stability using two different supports, one more hydrophilic and other
more hydrophobic; and the effect of using RTILs with different alkyl chain length
of the cation and different anions, on the permeability and selectivity of pure and
humidified gases as well as for gas mixtures.
In Chapter 6, the main results obtained in this PhD project are summarised, and
the main conclusions are discussed in an integrated way. Some possible challenges
and suggestions for future research are also presented.
Chapter 2
Design and Characterisation of Nafion
Membranes with Incorporated Ionic
Liquid Cations
Published as: Luísa A. Neves, Juana Benavente, Isabel M. Coelhoso, João G. Crespo, Design and Charac-
terisation of Nafion Membranes with Incorporated Ionic Liquid Cations, Journal of Membrane Science,
347 (2010) 42-52
2.1 Summary
Nafion membranes were modified by incorporation of ionic liquid (IL) cations, at
controllable degrees. These modified membranes were then characterised with the
use of different techniques. X-ray photoelectron spectroscopy (XPS) demonstrated
that the IL cations are incorporated in the membrane material and allowed to eval-
uate the distribution of the cation in the membrane surface layer. Electrochemical
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impedance spectroscopy (EIS) was used to monitoring membrane modification by
incorporation of IL cations, and to study the electrical properties of the modified
membranes, with different degrees of cation incorporation. These results were ad-
justed to mathematical models of equivalent electrical circuits to extract data of
membrane ionic conductivity. Finally, thermogravimetry studies allowed assess-
ing the stability of the modified membranes with increasing temperature in terms
of their water content, and these results were used to establish a possible relation
between the membrane stability at high temperatures with their water content and
degree of structuring. It was concluded that it is possible to obtain membranes with
tailored properties depending on the type of cation and the degree of incorporation.
2.2 Introduction
Nafion membranes are widely used as a reference material in polymer electrolyte
membrane fuel cells (PEMFCs) studies and other electrochemical applications such
as actuators and transducers, due to their good mechanical, chemical and thermal
stability up to temperatures of 80 °C[1, 6, 26, 27]. In addition, these membranes
combine the extremely high hydrophobicity of the polytetrafluoroethylene back-
bone with the high hydrophilicity of the sulfonic acid side-groups arranged in in-
tervals along the chain [28]. These acid groups, which are known to aggregate into
clusters, allow for the transport of ions and thus serve as a polymer electrolyte. The
chemical structure of Nafion is shown in Fig. 2.1.
The mechanism of ion transport in Nafion membranes has been widely studied
in the literature and it is believed that the presence and the state of water within
the membrane structure play an important role in the transport of protons through
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Figure 2.1: Chemical structure of Nafion.
these membranes [6, 29–31]. Indeed, one of the problems observed for Nafion when
used as a PEMFC is that, at high temperatures, particularly above 80 °C, a decrease
in water content is observed lowering the ionic conductivity of Nafion.
In order to overcome the problem of water loss with increasing temperature,
one of the solutions proposed in a number of works available in the literature is
the modification of Nafion membranes with ionic liquids (ILs) [32–34]. Ionic li-
quids (ILs) are compounds consisting entirely of ionic species comprising an or-
ganic cation and an inorganic or organic anion [35]. One of the most interesting
properties of ILs is their negligible vapour pressure, which allows the use of these
compounds in a wide range of applications, namely as solvents for organic and cata-
lytic reactions, production of new materials, solvents for separation and extraction
processes, novel electrolytes for electrochemical devices and processes, and en-
zymatic catalysis/multiphase bioprocess operations [16, 36–42]. Additionally, they
present a good electrical conductivity, a high ionic mobility and good thermal and
chemical stability [43, 44].
According to the literature, the use of ILs in Nafion membranes can lead to low
solvent evaporation rates due to their negligible vapour pressure. Due to the de-
crease in the conductivity of Nafion membranes at temperatures above 80 °C, Doyle
et al. [32] studied the incorporation of different ionic liquids in Nafion. It was shown
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that these membranes have the ability to swell in contact with ionic liquids, which
resulted in membranes with an excellent stability and proton conductivity in the
range of 100–200 °C, while retaining the low volatility of the ionic liquid. Tigelaar et
al. [33] studied the incorporation of protic ionic liquids into different polymers, in-
cluding Nafion, evaluating the resulting mechanical and thermal properties, and the
uptake of water. It was observed that the conductivity of the modified membranes
was mainly dependent on the relative amount of the ionic liquid inside the mem-
brane, while the acidity of the sulfonic groups of the polymer backbone was shown
to be of lower importance. Schmidt et al. [34] studied the effect of impregnating dif-
ferent ionic liquids in Nafion-117 on the mechanical properties, thermal stability,
ion-exchange capacity, swelling and conductivity of the resulting membranes.
In all the aforementioned works, ionic liquids have been assumed to behave
as solvents when incorporated in Nafion. However, in a recent study [18], it was
demonstrated by confocal Raman spectroscopy that, when ILs are incorporated in-
side a cation-exchange membrane (such as Nafion), a cation-exchange process oc-
curs between the counter cation of the membrane and the ionic liquid cation, which
is incorporated permanently unless a reverse cation-exchange process takes place.
This indicates that the ionic liquid, in this kind of ion-exchange process, should
be regarded as an electrolyte rather than a solvent. In this way, by using an ion-
exchange process, “tailor-made” membranes may be designed for target applica-
tions, by controlling the degree of incorporation of the selected IL cation.
The effect of the different degrees of incorporation of ILs, on the chemical and
electrical properties of the modified Nafion membranes, has not been taken into ac-
count in the literature. The works referred above were mainly focused on the effect
of temperature on the membrane conductivity, where Nafion was modified with a
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maximum degree of incorporation of ILs.
The approach followed in this work was the design of modified membranes by
partially replacing the Nafion protons with IL cations. This procedure is expected to
lead to a decrease in proton conductivity of the resulting modified membranes. This
decrease in proton conductivity may be associated to a decrease in the number of
protons, and additionally it may be a result of a more confined environment which
could hinder proton mobility. On the other hand, the incorporated cations may
improve the thermal stability of the modified membranes by an expected increase
in water retention at high temperatures, made possible by additional involvement
of water molecules in the solvation of the incorporated cations. The expected higher
water retention would open the possibility of using the modified membranes in high
temperature applications.
This work investigates two different aspects: (1) the incorporation of selected IL
cations in Nafion membranes at different degrees, and the evaluation of the distri-
bution of the incorporated cations in the membrane surface layer; (2) the influence
of the incorporated cations on the ionic conductivity, proton mobility and thermal
stability of the modified membranes, for potential application as polymer electro-
lyte membranes (PEM) at high temperature. The modified membranes were charac-
terised by the following techniques: X-ray photoelectron spectroscopy (XPS), elec-
trochemical impedance spectroscopy (EIS) and thermogravimetry. XPS measure-
ments were performed in order to evaluate the distribution of the IL cation in the
membrane surface layer for different degrees of incorporation. EIS was used as a dy-
namic monitoring technique to determine the electrical properties of the modified
Nafion membranes with the degree of incorporation of the IL cation. Finally, ther-
mogravimetric analyses were performed in order to understand the water retention
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ability of the modified membranes at high temperature.
2.3 Experimental
2.3.1 Materials
The membrane used in this work was Nafion-112 in the protonated form, with an
equivalent molecular weight of 1100 g mol−1 and a thickness of 51µm. This mem-
brane is available from Dupont (USA).
The compounds used as source materials for typical Ionic Liquid (IL) cations are
listed below:
• phenyltrimethylammonium chloride, TMPA+Cl– from Fluka (Germany);
• n-dodecyltrimethylammonium chloride, DTA+Cl– from TCI Instruments (Eng-
land);
• hexadecyltrimethylammonium bromide, CTA+Br– from Sigma (USA);
• 1-n-butyl-3-methylimidazolium hexafluorophosphate, BMIM+PF–6 from Sol-
chemar (Portugal);
• 1-n-octyl-3-methylimidazolium hexafluorophosphate, OMIM+PF–6 from Sol-
chemar (Portugal).
It should be noted that the first three compounds are not ionic liquids, but con-
tain cations that are typical of common ILs. The chemical formula, geometric struc-
ture, molecular weight and molar volume of the corresponding IL cations studied
are listed in Table 2.1. These IL cations may be categorised in two distinct groups,
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regarding the physical state of the corresponding ionic liquid at room temperature.
The compounds that are solid at room temperature (with cations TMPA+, DTA+ and
CTA+) are all quaternary amines and were selected due to their different alkyl chain
length, and also to assess the effect of the presence of an aromatic ring in the struc-
ture of the cation (TMPA+).
Two imidazolium-based ILs were selected, comprising the BMIM+ and OMIM+
cations, which differ in the length of the alkyl chain. The corresponding ionic liquids
BMIM+PF–6 and OMIM
+PF–6 are liquid at room temperature.
2.3.2 Incorporation of the ionic liquid (IL) cations in Nafion mem-
branes
2.3.2.1 Incorporation method
Each protonated Nafion membrane was immersed in 20 mL of the solution of the
IL for a specific period of time, in order to exchange the protons from the Nafion
membrane with the cations from the IL. When incorporating the cations from the
ILs that are solid at room temperature (TMPA+, DTA+ and CTA+), it was necessary to
prepare a 40 % (w/w) IL aqueous solution with deionised water.
2.3.2.2 Monitoring the incorporation of IL cations in the Nafion membrane
• pH and conductivity measurements in the liquid phase
In order to determine the concentration of cations incorporated inside the Nafion
membrane for each contact time, both the pH and the conductivity of the IL solu-
tions were measured at different time intervals. The pH and conductivity of the






















































































































































































































































































liquid phase were measured with a pH conductivity meter (model 720 A, Orion) and
with a laboratory conductivity meter (model 960, Schott Instruments), respectively.
• X-ray photoelectron spectroscopy (XPS) measurements
In order to characterise the chemistry of the surface of the modified Nafion mem-
branes, X-ray photoelectron spectroscopy (XPS) measurements were performed.
XPS spectra were recorded with a Physical Electronics PHI 5700 spectrometer with
a multi-channel hemispherical electroanalyzer. Non-monochromatic MgKa X-ray
(300 W, 15 kV, 1253.6 eV) was used as excitation source. The binding energy (B.E.)
of photoelectron peaks was referenced to C 1s core level for aliphatic and adven-
titious carbon at 285.0 eV. High-resolution spectra were recorded by a concentric
hemispherical analyzer operating in the constant pass energy mode at 29.35 eV and
using a 720µm diameter aperture. The residual pressure in the analysis chamber
was maintained below 1.33× 10−7 Pa during the spectra acquisition. Membranes
were irradiated less than 20 minutes to minimize X-ray induced sample damage.
The PHI ACCESS ESCA-V6.0F software package was used for acquisition and data
analysis [22]. Atomic concentration percentages (A.C. %) of the characteristic mem-
brane elements were determined from high-resolution spectra after subtraction of
a Shirley-type background, and taking into account the corresponding area sensit-
ivity factor for every photoelectron line [46].
Most of the XPS measurements with the Nafion/IL cation modified membranes
were performed at a take-off angle ϕ = 45 °, after contact during 24 h with the cor-
responding IL solutions. However, in order to evaluate chemical changes related to
time evolution of membrane modification, XPS measurements with Nafion/DTA+
samples with different degrees of DTA+ incorporation (resulting from different con-
26 Design and Characterisation of Nafion Membranes with Incorporated Ionic Liquid Cations
tact times) were also carried out. Moreover, angle resolution XPS (ARXPS) or deep-
profile analysis for Nafion-modified membranes after cation incorporation was also
performed by using different take-off angles (ϕ= 15 °, 30 °, 45 °, 60 °and 75 °), which
allows for obtaining chemical information for depths ranging, correspondingly,
between 2.5 nm and 9.3 nm deep [47].
2.3.3 Assessment of the Nafion-IL membranes for potential PEM
applications
2.3.3.1 Electrical impedance spectroscopy (EIS) measurements
Impedance spectroscopy (IS) was used as a dynamic characterisation technique in
order to evaluate the electrical properties of the modified Nafion-ILs membranes
and to obtain information about the electrical changes associated with the IL cation
incorporation in Nafion membranes.
Electrochemical impedance spectroscopy (EIS) measurements were performed
using an Impedance Analyzer (Solartron 1260) controlled by a computer and con-
nected to the electrochemical cell by fixed silver/silver chloride electrodes. The
electrochemical cell consisted of two glass half-cells [48] filled with the electrolyte
solution, separated by the Nafion membrane in the protonated form. In these ex-
periments the electrolyte solution was the IL solution. Since impedance measure-
ments were carried out at different time intervals, this experimental set-up allows
for obtaining information of the resulting electric properties of the modified mem-
branes due to the different degrees of concentration/incorporation of IL inside the
membrane. The EIS measurements were performed for 100 different frequencies,
ranging from 10 Hz to 107 Hz, and a maximum voltage of 0.01 V was applied. All
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measurements were performed at room temperature. The experimental data were
corrected and analysed by the software Equivalent Circuit [49], in order to obtain the
electrical parameters, resistances (R) and capacitances (C), of the modified Nafion-
IL membranes.
A similar device was used for the electrical characterisation of the IL solutions. In
this case no membrane was placed between both glass half-cells, which were filled
with the IL solutions.
Another set of experiments were performed using the same experimental set-up,
where glass half-cells were filled with a HCL solution, and separated by the Nafion
membrane in the protonated form. Different concentrations of HCl were prepared
and EIS measurements were carried out.
The electrical impedance is defined as the ratio between the applied voltage and
the resulting electric current, Z (ω) = υ(t )/i (t ), and may be expressed as
Z (ω) = Zr eal + j Zi mag (2.1)
where Zr eal is the real part of the electrical impedance and Zi mag is its imagin-
ary part. The experimental data can be represented in a Bode plot, where the real
(Zr eal ) or the imaginary part (-Zi mag ) of the impedance is represented against the
frequency (f).
2.3.3.2 Thermogravimetry Analysis
In order to determine the effect of increasing temperature on the relative amount
of water in Nafion and Nafion/IL modified membranes, thermogravimetry analysis
(TGA) was performed for a temperature range between 25 °C and 210 °C. The exper-
iments were carried out in nitrogen (flow rate 20 mL/min) with a Shimadzu TGA-50
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system at a heating rate of 5 °C/min.
2.4 Results and Discussion
2.4.1 Incorporation of IL cations in Nafion membranes
During the incorporation of IL cations in Nafion membranes an exchange between
the H+ protons of the membrane and the IL cation is expected to occur. The de-
gree of concentration of cations incorporated inside the membrane was determined
by two independent measurements, the pH and the conductivity of the aqueous
solutions with TMPA+, DTA+ and CTA+, which corresponding source of these IL
cations are solid at room temperature. By measuring the pH of the IL aqueous solu-
tion before and after incorporation, it is possible to quantify the protons that ex-
changed with the IL cations. Additionally, by also measuring the conductivity of the
IL aqueous solution, before and after incorporation, and knowing the molar con-
ductivity of each species, it is possible to quantify by mass balance the amount of
protons exchanged. Both measurements gave similar results, with a maximum de-
viation of 3 %. Regarding the cations BMIM+ and OMIM+, which corresponding IL
is liquid at room temperature, the concentration of cations inside the membrane
and the remaining concentration of protons was only determined by conductivity
measurements in the liquid phase.
Fig. 2.2 represents the evolvement of the incorporation degree along time, when
a Nafion membrane was in contact with the cations phenyltrimethylammonium
(TMPA+), n-dodecyltrimethylammonium (DTA+), hexadecyltrimethylammonium
(CTA+), 1-butyl-3-methylimidazolium (BMIM+) and 1-octyl-3-methylimidazolium
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Figure 2.2: Incorporation degree in the Nafion membrane, for the different cations
studied as a function of contact time.
(OMIM+). The incorporation degree was calculated assuming a maximum incor-
poration degree of 0.92 meq g−1 for Nafion-112 (data provided by Dupont (USA)).
For all the IL cations studied it is observed an increase in the incorporation de-
gree (in percentage) with increasing contact time. Regarding the Nafion/TMPA+ and
Nafion/DTA+ membranes, the incorporation degree shows a sharp increase until a
contact time up to 20 h and 19 h, respectively, followed by a slight decrease until
reaching a constant value. This slight decrease in the incorporation degree may be
due to a possible accommodation process that the IL cation suffers as it is incorpor-
ated inside the membrane. It is also shown for all the ILs cations studied that, after
a contact time of 24 hours, the incorporation degree reaches a constant value which
is assumed to correspond to equilibrium.
The results shown in Fig. 2.2 suggest that the cations under study may be grouped
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according to the physical state of the corresponding IL at room temperature. The
first group refers to the cations, TMPA+, DTA+ and CTA+, which show an incorpor-
ation degree higher than 60 % at equilibrium. In this case, for a contact time of 24
hours, it may be observed that the amount of IL cation incorporated decreases with
an increase in the size of the cation. The CTA+ cation has the lowest value of in-
corporation degree (maximum 65 %) and this may be due to its alkyl chain length,
larger than in the DTA+ and TMPA+ cations, which showed maximum values of in-
corporation degree of 68 % and 82 %, respectively. The second group refers to the
ionic liquid cations BMIM+ and OMIM+, which present much lower incorporation
degree values. The BMIM+ cation achieved a maximum incorporation degree value
of 18 % while for the OMIM+ cation the maximum value achieved was 4 %, which
indicates that the amount of incorporated IL decreases with an increase in the size
of the cation incorporated. It is also observed that these incorporation degrees are
much lower when compared with the ones obtained for the ILs in aqueous solu-
tion. This behaviour may be due to the fact that cation incorporation is possibly
facilitated by the presence of water, used for preparing the solutions with the solid
compounds. Since Nafion membranes contain water clusters, it is expected that
cations dissolved in an aqueous solution partition more easily to those hydrophilic
membrane environments, when compared with the case of pure ionic liquids which
are comparatively more hydrophobic.
2.4.2 X-ray photoelectron spectroscopy (XPS) results
The XPS analysis allows for determining the atomic concentration percentage (A.C. %)
of the elements present on the surfaces of Nafion-112/H+ and Nafion/IL modified
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membranes (after 24 h of IL cation incorporation), obtained from high-resolution
spectra of the main photoelectron peaks (C 1s, O 1s, F 1s, S 2p and N 1s). Carbon
(C 1s) was chosen as the element to report both the behaviour of the membrane
and the IL cation, because it is an element common to both chemical structures, as
shown in Fig. 2.1 and Table 2.1. The element fluorine (F 1s) is characteristic of the
polytetrafluoroethylene backbone of the membrane, and the element sulfur (S 2p)
corresponds to the sulfonic groups (SO–3 ) of Nafion. Finally, the element nitrogen
(N 1s) is characteristic of the IL cations.
The first experiments performed were for Nafion-112 incorporated with DTA+
cation. In these experiments, the protonated membrane was immersed for differ-
ent time periods in the aqueous solution of this IL, as explained in section 2.3.2.1.
Fig. 2.3 represents the A.C. (%) of these elements on the surface of Nafion/DTA+
samples at different membrane-IL cation contact times, where a 30 % reduction in
the fluorine percentage (Nafion characteristic element) as a function of time can
be observed, while carbon percentage increases due to DTA+ incorporation. The
decrease in the atomic concentration of the element F 1s may be attributed to the
fact that the IL cation is being incorporated in the membrane with time. The fact
that the DTA+ cation is incorporated in the structure of Nafion is more evident if
the time evolution of nitrogen A.C. (%) is also considered, since this element is only
related to the presence of the DTA+ cation. An average value of 1.51± 0.07 % can
be observed for N 1s in Fig. 2.3b, for the interval between 8 h and 40 h. It is also
detected the presence of the sulfur element (1.28±0.05 %), which is characteristic
of the membrane. These XPS results indicate that 24 h of Nafion/IL cation contact
time is enough to ascertain the H+/IL cation exchange, in agreement with the “dy-
namic” experiments previously discussed in section 2.4.1. Therefore, the following
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Figure 2.3: Atomic concentration percentage (A.C. %) of the elements present in
Nafion/DTA+ samples as a function of the contact time (a) carbon and fluorine and
(b) nitrogen and sulfur.
XPS results correspond to samples equilibrated for 24 h.
Although XPS is mainly used as a surface analysis technique, cation incorpora-
tion within a thin superficial layer of the Nafion structure may also be analysed by
angle resolved XPS (ARXPS), where the measurements at different take-off angles
are performed. This non-destructive method was used for a deep-profile analysis
between 2.5 nm and 9.3 nm in membrane depth. Fig. 2.4a and Fig. 2.4b shows the
variation of nitrogen (N 1s) and sulfur (S 2p) atomic concentration percentages as a
function of the take-off angle for Nafion/BMIM+ and Nafion/OMIM+ membranes,
respectively. The analysis of these figures shows that both IL cations are incorpor-
ated inside the membrane, as may be observed by the nitrogen A.C. (%) at the dif-
ferent analysis angles studied. Fig. 2.4 also shows that the nitrogen A.C. (%) slightly
increases with an increase in the membrane surface depth, until reaching a con-
stant value at higher take-off angles which suggests a uniform cation distribution
deeper inside the membrane. As stated before, XPS allows for the characterisation
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Figure 2.4: Deep-profile XPS analysis of (a) Nafion/BMIM+ and (b) Nafion/OMIM+
membranes.
of the cation distribution in the superficial layer of the membrane until a depth of
9.3 nm. A full characterisation of the cation distribution over the membrane thick-
ness was also performed by Confocal Raman Spectroscopy (data not shown), and
it was observed that the IL cation was uniformly distributed inside the 51µm thick
Nafion membranes.
Additionally in Fig. 2.4, when comparing the nitrogen A.C. (%) for Nafion/BMIM+
and Nafion/OMIM+, a higher value is observed for the first case. This was an expec-
ted result due to a combination of two distinct effects. Firstly, the N/C molecular
ratio is higher for BMIM+ than OMIM+ (please see Table 2.1). Secondly, BMIM+ is
smaller than OMIM+ and therefore its incorporation in the membrane is expected
to be easier, as previously shown in section 2.4.1. In both cases, the sulfur percent-
age is constant (0.8 % and 0.9 %, respectively) and similar to that obtained for the
Nafion-112/H+ membrane as will be discussed later (Table 2.2).
Table 2.2 shows the A.C. (%) obtained for the Nafion-112/H+ membrane and the
different Nafion/IL cations studied, as well as the theoretical Nafion A.C. (%) val-
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Table 2.2: Atomic concentration percentages (A.C. %) of the different elements on
the surfaces of the Nafion and Nafion/IL modified membranes Membranes
Elements Membranes
Nafion Nafion Nafion/TMPA+ Nafion/DTA+ Nafion/CTA+ Nafion/BMIM+ Nafion/OMIM+
(theor.) (exp.)
C 1s (%) 30.8 39.0 45.6 51.0 60.4 45.0 45.8
O 1s (%) 7.7 6.6 7.0 6.4 6.9 5.5 6.0
F 1s (%) 60.0 53.4 44.2 39.1 29.0 43.9 44.0
S 2p (%) 1.5 1.0 1.0 1.2 1.2 1.1 1.1
N 1s (%) – – 1.3 1.5 2.0 3.6 2.8
ues considering its chemical structure with n=6.5, x=1 and m=1 (see Fig. 2.1) [50].
It is important to mention that small concentrations of other elements such as sil-
icon (A.C. between 1 % and 2 %), phosphorous and chlorine (A.C.≤ 0.5%) were also
found in some samples, although they are not included in Table 2.2. Slight differ-
ences between experimental and theoretical values for the Nafion membrane can
be observed, which are attributed to the higher percentage of carbon obtained from
sample analysis and associated to adventitious contamination (aliphatic carbon)
[51, 52]. The A.C. percentage of fluorine in all the Nafion-modified membranes is
lower than in Nafion as a result of cation incorporation, and the sequence of car-
bon A.C. (%) for the different modified membranes (Nafion/CTA+> Nafion/DTA+>
Nafion/OMIM+≈ Nafion/TMPA+ ≈ Nafion/BMIM+) and the higher nitrogen con-
centration for Nafion/OMIM+ and Nafion/BMIM+ samples, are consistent with their
molecular formula (Table 2.1) and incorporation degree of the IL cations.
The incorporation of IL cations can also be confirmed by analyzing the C 1s core
level normalized spectra for Nafion and Nafion/IL cations modified membranes,
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which is shown in Fig. 2.5. The Nafion-112/H+ sample shows three different pho-
toemissions at binding energies (B.E.) of 291.8–292.0 eV (associated to CF2 and CF-
O) and at 284.8–285.0 eV (C-H bond), plus a small shoulder at 294.0 eV (CF3). C 1s
spectra for all the Nafion/IL cations modified membranes also present those peaks
and shoulder, but another shoulder at 286.4 eV, which is associated to C-N, can also
be observed [52, 53]. Particularly, this latter peak shows a significant contribution in
the case of the Nafion/BMIM+ sample, while a small shoulder at 285.0 eV indicates
the contribution of the aliphatic carbon (C-H). Similar cations with aliphatic chains
of different lengths, such as DTA+ and CTA+, show similar C 1s core level spectra, but
in the case of the cation with a longer aliphatic chain (CTA+) the shoulder at 286.4 eV
shows a lower intensity than that observed for DTA+ (Fig. 2.5a). On the other hand,
the intensity of the peak at 292.0 eV, assigned to the presence of the Nafion mem-
brane, decreases due to the higher covering effect produced by the longer aliphatic
chain of CTA+. The same fact is observed in the case of samples modified with
OMIM+ and BMIM+, which are similar molecules but have aliphatic chains of dif-
ferent lengths (see Fig. 2.5b).
2.4.3 Characterisation of modified Nafion membranes using elec-
trochemical impedance spectroscopy (EIS)
The evaluation of the electric properties of the resulting Nafion/IL cation modified
membranes becomes of relevance importance for a potential application of these
membranes as polymer exchange membranes (PEM).
The study of the electric properties of the membranes was performed using elec-
trochemical impedance spectroscopy (EIS). The Nafion-112/H+ membrane was placed
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Figure 2.5: C 1s core level normalized spectra and main bonds for the studied mem-
branes (a) Nafion-112/H+, Nafion/TMPA+, Nafion/DTA+, and Nafion/CTA+ and (b)
Nafion-112/H+, Nafion/BMIM+ and Nafion/OMIM+.
in contact with the different IL solutions and, after a specific period of contact time,
impedance spectroscopy measurements were carried out. Using this procedure it
was possible to obtain information about the evolvement of the electric properties
of the modified membranes with the incorporation degree of each cation.
The EIS results obtained for Nafion-112/H+ in contact with two different cations,
n-dodecyltrimethylammonium (DTA+) and hexadecyltrimethylammonium (CTA+),
at different contact times are represented in Bode plots, which are shown in Fig. 2.6
and Fig. 2.7, respectively. In the same figures it is also represented the Bode plot for
the aqueous IL solution. Both Bode diagrams representation (-Zi mag and Zr eal as a
function of the frequency) were considered for all the cases investigated.
In a first analysis, Fig. 2.6 and Fig. 2.7 show that, using impedance spectroscopy
as a dynamic characterisation technique, it is possible to observe modifications in
impedance diagrams that are expected to be associated with the incorporation of IL
cations in Nafion membranes along time. It may be also noticed that the incorpora-
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Figure 2.6: Bode plot for Nafion in contact with DTA+ along time (a) representation
of -Zi mag as a function of the frequency and (b) representation of Zr eal as a function
of the frequency.
tion of these DTA+ and CTA+ bulky cations strongly modifies the electrical behaviour
of these membranes.
In Fig. 2.6, the curve that corresponds only to the aqueous solution of the IL
(shown as DTA) presents one relaxation at high frequencies (fmax ≈ 4 MHz). In the
case of the membrane/IL system, three different relaxations are observed: one at
high frequencies, associated with the IL; one at intermediate frequencies, which
corresponds to the membrane; and one at low frequencies, with a maximum around
200 Hz associated with the interface. With increasing contact time up to 19 h of con-
tact, the magnitude of these two last relaxations increases. Afterwards, the relaxa-
tions of the membrane/IL system seem to reach a constant value which indicates
an equilibrium situation. The behaviour of these curves is in agreement with the
results obtained in section 2.4.1. It should be mentioned that, although not clearly
visible in Fig. 2.6 for contact times lower than 19 h, interfacial effects at the low fre-
quency range are present.
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Figure 2.7: Bode plot for Nafion in contact with CTA+ along time (a) representation
of -Zi mag as a function of the frequency and (b) representation of Zr eal as a function
of the frequency.
Bode plots for the Nafion/CTA+ system are represented in Fig. 2.7a and Fig.
2.7b. The analysis of these figures is similar to that of Nafion/DTA+ shown in Fig.
2.6. However, the equilibrium relaxations of the IL and membrane are observed
at frequencies of 3 MHz and 12 kHz, respectively. These values are different from
those obtained for Nafion/DTA+, indicating that the type of incorporated cation in-
fluences the electrical behaviour of the membranes. The interface effect, although
present, is in this case more difficult to visually detect in Fig. 2.7 mainly due to the
large membrane and cation contribution value. This effect may be quantified using
mathematical models which will be discussed later in this work.
Bode plots for Nafion modified with the cations phenyltrimethylammonium
(TMPA+) and 1-butyl-3-methylimidazolium (BMIM+), are shown in Fig. 2.8. Unlike
the systems previously analysed, only one relaxation at high frequencies is clearly
visible, which does not allow for identifying separately the electrical contribution
associated with the membrane and with the IL placed between the membrane and
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Figure 2.8: (a) Bode plot for Nafion in contact with TMPA+ along time (representa-
tion of -Zi mag as a function of the frequency) and (b) Bode plot for Nafion in contact
with BMIM+ along time (representation of -Zi mag as a function of the frequency).
the electrodes. This behaviour is common for membranes with high charge con-
tent (fixed or adsorbed charge) [54–56]. Moreover, in the case of Nafion/TMPA+, the
curves represented in the Bode plots shown in Fig. 2.8a do not present a significant
evolution with time. The same phenomenon was observed for the Nafion/OMIM+
membrane (results not shown). The absence of a time evolvement behaviour ob-
served for Nafion/TMPA+ and Nafion/OMIM+, may be explained differently for both
systems. Regarding the Nafion/TMPA+ system, a possible explanation is that being
this IL cation the smallest when compared with others, it may be incorporated more
easily in the membrane at a larger extent and in a short period of time (45 % in the
first 4 h according to the results shown in Fig. 2.2). In the case of the Nafion/OMIM+
system, the incorporation degree is very low (less than 5 %) as mentioned in section
2.4.1, which results in a negligible evolution along time.
In the case of the Nafion/BMIM+ system (results shown in 2.8b) it is possible to
distinguish both the IL relaxation at high frequencies (fmax ≈ 3 MHz) and the re-
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laxation of the membrane until a contact time of 3 hours. After that time period, a
unique relaxation for the membrane plus IL system is observed. The observation of
a unique relaxation may result from the incorporation of the BMIM+ cation, which
leads to an overlap of the two individual relaxations (membrane and IL), as previ-
ously observed for Nafion/TMPA+ and Nafion/OMIM+.
• Evaluation of the electrical parameters of the modified Nafion/ILs mem-
branes along time
In order to obtain the best equivalent circuit that represents each modified Nafion-
IL membrane, the data obtained by electrochemical impedance spectroscopy was
analysed using a non-linear regression software, Equivalent Circuit Program [49],
and the membrane and interface circuit parameters were determined taking into
account the system under study: Electrode//IL/Membrane/IL//Electrode.
The equivalent circuit obtained for Nafion incorporated with n-dodecyltrimethyl
ammonium (DTA+) and hexadecyltrimethylammonium (CTA+) cations can be ob-
served in Fig. 2.9, where the resistance R1 and the equivalent capacitance CPE1
correspond to the membrane and the resistance R2 and the equivalent capacitance
CPE2 correspond to the interface. As previously mentioned for Nafion/DTA
+, in-
terface effects are clearly observed for all the incorporation times studied (Fig. 2.6).
Although, in the case of Nafion/CTA+, the interface is not so clearly detected, by ana-
lysing the data with the Equivalent Circuit Program it was possible to identify two
different contributions, one from the membrane and another from the interface.
In the equivalent circuit represented in Fig. 2.9, the equivalent capacitance CPE1
is a capacitance Q, which is related with the non-homogenous membrane matrix,
while the element CPE2 is a Warburg element, which is present due to the diffusion
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Figure 2.9: Equivalent circuit for Nafion/DTA+ and Nafion/CTA+, where R1 is the
membrane resistance, CPE1 the membrane equivalent capacitance, R2 the interface
resistance and CPE2 the interface equivalent capacitance.
Figure 2.10: Equivalent circuit for Nafion/TMPA+, Nafion/BMIM+ and
Nafion/OMIM+, where R1 is the membrane plus IL resistance and CPE1 the
membrane plus IL equivalent capacitance.
of ions in the interface that results from an ion concentration gradient.
The equivalent circuit for Nafion/TMPA+, Nafion/BMIM+ and Nafion/OMIM+
can be observed in Fig. 2.10. In this case, one unique relaxation process was ob-
served for the whole membrane system, which is comprised by the membrane and
the IL. In this circuit, R1 and the equivalent capacitance CPE1 correspond to the
membrane and IL resistance and to the capacitance Q, which is related with the
non-homogenous membrane matrix, respectively. The quantification of the elec-
trical parameters obtained with the equivalent Circuit Program [49] is discussed in
the next paragraphs. The dependence of the membrane resistance with the incor-
poration degree is shown in Fig. 2.11.
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Figure 2.11: (a) Dependence of the membrane resistance for Nafion/CTA+ and
Nafion/DTA+, as a function of the incorporation degree (%) and (b) Depend-
ence of the membrane plus IL resistance for Nafion/TMPA+, Nafion/BMIM+ and
Nafion/OMIM+, as a function of the incorporation degree (%).
It was concluded in section 2.4.1 that the concentration of the IL cation inside
the membrane increases with an increase in the contact time between the cation
and the membrane. Fig. 2.11a shows the dependence of the membrane resistance
as a function of the incorporation degree, and Fig. 2.11b represents the total res-
istance (membrane plus IL) also as a function of the incorporation degree. It is
shown that both resistances increase with an increase in the incorporation degree
of Nafion/IL for all the cases studied. The incorporation of a cation, much larger
than the proton present initially in the membrane, seems to be the reason for the
increase of the membrane resistance with contact time. In a situation of equilib-
rium it is also shown that, in general, the membrane resistance and the membrane
plus IL resistance increases with an increase in the size of the IL cation incorporated.
• Ionic conductivity of the modified Nafion/ILs cation membranes
It is possible to determine the ionic conductivity of these modified membranes
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from the membrane electrical resistance values of Nafion membranes incorporated
with different IL cations. The membrane electrical resistance was considered to be
the one obtained by the equivalent circuit program, when the membrane is in equi-
librium. The ionic conductivity of these modified Nafion/IL membranes was calcu-
lated assuming a uniform current distribution in the conductivity cell and using Eq.
2.2, where L is the membrane thickness between the two measuring electrodes, A





Eq. 2.2 will only be applied for the membranes Nafion/DTA+ and Nafion/CTA+
due to the fact that only for these two membranes was possible to isolate the elec-
trical membrane resistance value, using the equivalent circuit program. For the
other modified Nafion/IL membranes, one unique relaxation process was observed
for the whole membrane system, which is comprised by the membrane and the IL
placed between the electrodes. In this case it is not possible to use Eq. 2.2, since a
part of the electrical membrane resistance, obtained by the equivalent circuit pro-
gram, corresponds to the IL.
For the membranes Nafion/DTA+ and Nafion/CTA+ the proton mobility (µ) of
these membranes may also be estimated considering Eq. 2.3, where σ is the ionic
conductivity, F is the Faraday constant and [H+] is the concentration of protons
inside the membrane, taking into account the incorporation degree mentioned in
Table 2.3 [30].
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Table 2.3: Nafion/DTA+ and Nafion/CTA+ membrane resistance, ionic conductivity
and proton mobility values
Membrane Incorporation Membrane Ionic conductivity, Proton mobility,
degree, % resistance, Ω S cm−1 cm2 s−1 V−1
Nafion/DTA+ 68 4 300 4×10−6 3.12×10−5




The membrane resistance, the ionic conductivity and the proton mobility values
for Nafion/DTA+ and Nafion/CTA+, for the incorporation degree obtained when the
membrane is in equilibrium, are presented in Table 2.3.
The modification of Nafion membranes by incorporation of large IL cations leads
to an increase in the membrane resistance which consequently results in a decrease
of the ionic conductivity as well as of the proton mobility. Also, it is expected that the
ionic conductivity and the proton mobility of the modified membranes decreases
with an increase in the size of the IL cation incorporated. Accordingly, it is shown in
Table 2.3 that the ionic conductivity and the proton mobility of the modified mem-
brane incorporated with DTA+ cation is higher.
As stated before, since it is not possible to isolate a value for the membrane res-
istance for Nafion/TMPA+, Nafion/BMIM+ and Nafion/OMIM+ from the EIS data,
excluding the resistance of the IL, a comparison between these membrane systems
and a system where a Nafion-112/H+ membrane is in contact with different concen-
trations of an electrolyte (HCl aqueous solutions) was performed in the same cell.
Fig. 2.12 represents the variation of the membrane/electrolyte system resistance
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Figure 2.12: Variation of the membrane plus electrolyte resistance with the electro-
lyte ionic conductivity.
as a function of the electrolyte solution (with HCl or IL) conductivity. The results
shown in Fig. 2.12 clearly show that the electric resistance obtained for the three
modified membranes (Nafion/OMIM+, Nafion/BMIM+ and Nafion/TMPA+) in con-
tact with the IL aqueous solution is very similar to that expected for the Nafion/H+ in
contact with the aqueous HCl solution under similar conditions (cell and solution
conductivity). Moreover, for the Nafion/TMPA+ system the overall electric resist-
ance is lower than could be anticipated, meaning that the ionic conductivity of this
membrane should be relatively higher when comparing with the Nafion-112/H+/HCl
system and the other modified membranes.
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2.4.4 Potential use of the modified membranes as polymer elec-
trolyte membranes (PEM)
The results obtained and discussed in the previous section show that the modified
membranes may exhibit an ionic conductivity comparable with the Nafion mem-
brane, even though an adjustable fraction of the protons are replaced by larger ILs
cations. The ionic conductivity of these membranes is undoubtedly related with
their water content and the way water is involved in solvation processes, such as
the solvation of the sulfonic acid side-groups of Nafion and the newly incorporated
cations.
When calculating the relative amount of water in each membrane under study,
expressed as the mass of water per mass of dry membrane, it can be concluded
(see Fig. 2.13a) that all modified membranes, with exception of the membrane
that incorporated TMPA+, have a higher water content when compared with Nafion.
This feature results from the interlinked process of cation exchange and water up-
take/release that takes place when the membranes are equilibrated with the ILs me-
dia and solutions. However, the fact that most modified membranes have a higher
water content does not attribute them unequivocally a higher ionic conductivity or
lower resistance to the transport of ions (see Table 2.3 and Fig. 2.12). Most prob-
ably, this behaviour results from the fact that water inside these membranes is not
as free as in Nafion, probably because it is involved in the additional solvation of
the larger ILs cations incorporated. This explanation is supported by the analysis of
the results presented in Fig. 2.13a, obtained by thermogravimetry, where it can be
observed that the rate of water loss for all modified membranes, when heat is sup-
plied in a controlled rate, is lower than the corresponding rate for Nafion. Actually,
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it can be observed that Nafion looses water readily even at relatively low temperat-
ures, being completely dried at a temperature of ∼ 210 °C [57–59]. This explains its
poor behaviour as a polymer electrolyte membrane for temperatures above 80 °C,
as referred in the literature.
Fig. 2.13b emphasises, even in a more clear way, the relative loss of water for
the Nafion membrane when compared with the modified membranes. As it can
be seen, the modified membrane with TMPA+ is extremely stable in the all range
of temperatures studied confirming that, although its water content is low, the wa-
ter present is probably highly structured and deeply involved in solvation processes
making its release extremely energy demanding. The reason why this membrane
exhibits a low electrical resistance cannot be easily derived from the information
gathered about its water content and structuring. The chemical character of this
cation, the only one incorporating an aromatic ring, has to be considered when ex-
plaining its behaviour. All other modified membranes, although with a higher water
content than Nafion, show a higher ability to retain water when compared with the
Nafion membrane, probably due to the fact that these water molecules participate
in the solvation of the large ILs cations incorporated.
Although it was not possible to perform electrical impedance spectroscopy stud-
ies above room temperature, these results strongly suggest that the use of these
modified membranes for applications at temperatures above 80 °C may be poten-
tially interesting due to their ability to retain their water content.
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Figure 2.13: (a) Evolvement of the relative amount of water in each membrane




It was shown that the methodology developed in this work for incorporating differ-
ent IL cations in Nafion membranes at a controllable degree allows for obtaining
tailor-made membranes, and enabled for understanding the dependence of their
physicochemical properties with the degree of cation incorporated.
The results obtained by XPS showed that the IL cation was indeed incorpor-
ated in the membrane and it was possible to measure its distribution in the mem-
brane surface layer. With EIS measurements the electrical properties of the mod-
ified membranes were determined as a function of the degree of cation incorpor-
ation. The resistance and equivalent capacitance parameters of the membranes
were obtained using a set of mathematical models of equivalent electrical circuits. It
was found that these electrical parameters were strongly dependent from the size of
the IL cation incorporated, which opens the possibility to design membranes with
either higher or lower ionic conductivity depending on the cation incorporated.
Thermogravimetry was used to determine the relative amount of water in each
membrane for a wide range of temperatures. It was clearly understood that the
presence of water inside the membranes and the way water is structured and in-
volved in solvation processes (the Nafion sulfonic acid side-groups and the incor-
porated cations) determine the electrical properties of the corresponding mem-
branes and their behaviour at high temperatures. Extended research is needed in
order to deepen understanding of the phenomena taking place, in order to direct
efforts for effective membrane design. Further work using methodologies for meas-
urement of membrane properties at high temperatures is necessary aiming the as-
sessment of their potential application as polymer electrolyte membranes.

Chapter 3
Proton NMR Relaxometry Study of
Nafion Membranes Modified with
Ionic Liquid Cations
3.1 Summary
Proton nuclear magnetic resonance (NMR) relaxometry was used as a characterisa-
tion technique to study the proton mobility and levels of confinement within Nafion
membranes modified by incorporation of selected ionic liquid (ILs) cations. Since
different levels of confinement will have an important effect on the degree of water
structuring and consequently, on the proton transport of these membranes, stud-
ies were performed aiming at understanding the effect of using different types of
ionic liquid cations, and their degree of incorporation, in the values of the spin-
lattice relaxation times (T1) obtained at different values of frequency. The frequency
dependence of the proton spin-lattice relaxation rates, R1=1/T1, for the modified
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Figure 3.1: Chemical structure of Nafion.
Nafion/IL cation membranes was compared with that obtained for an unmodified
Nafion membrane, allowing for distinguishing different contributions of the mo-
tions of the molecules depending on the frequency tested. These results were ad-
justed to physical relaxation models in order to estimate a diffusion coefficient for
the protons present in the modified membranes. Finally, the stability of these mem-
branes at high temperatures in terms of proton mobility was also assessed using this
characterisation technique.
3.2 Introduction
Nafion is a polymer that combines the extremely high hydrophobicity of the poly-
tetrafluoroethylene backbone with the high hydrophilicity of the sulfonic acid side-
groups arranged in intervals along the chain [28]. These acid groups, which are
known to aggregate into clusters, allow for the transport of ions and thus serve as
a polymer electrolyte. The chemical structure of Nafion is shown in Fig. 3.1, where
M+ can be either a proton in the acid form or a metal cation in the neutralized form.
Nafion membranes have been widely used as a reference material in polymer
electrolyte membrane fuel cells (PEMFCs), due to their high ionic conductivity, mech-
anical, thermal and chemical stability at temperatures up to 80 °C. Additionally, due
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to the fact that these materials present unique properties, several attempts aiming
at describing their molecular structure and organization have been published in the
literature, during the last 30 years [6]. Although several models have been proposed
in the literature, they all agree that the ionic groups are aggregated in the perflu-
orinated polymer matrix to form a network of clusters which allow for the trans-
port of ions and swelling by polar solvents. However, there is still no agreement
regarding the geometry and the spatial distribution of these clusters [6]. These ionic
clusters may be connected to each other by narrow channels, leading to the form-
ation of membrane environments with different levels of confinement. These dif-
ferent levels of confinement of the ionic clusters will have an important effect on
the degree of water structuring within the membrane matrix, which is expected to
directly influence the mechanisms of proton transport through these membranes.
While seeking to understand the structure of Nafion, there are still some prob-
lems in the performance of these materials that need to be investigated when used
in fuel cells. One of the main problems observed is the decrease in ionic conduct-
ivity at temperatures above 80 °C, that may be attributed to the loss of water con-
tained inside the membrane, which impacts negatively in the proton mobility. In
order to overcome the water loss observed at high temperatures, a possible solu-
tion has been proposed in the previous chapter (chapter 2) which consists on the
modification of Nafion membranes by incorporation of Ionic Liquids (ILs) cations.
Ionic Liquids (ILs) are compounds consisting entirely of ionic species comprising
an organic cation and an inorganic or organic anion [35]. They present a good elec-
trical conductivity, a high ionic mobility and good thermal and chemical stability
[43, 44]. In Chapter 2, Nafion membranes were modified by partially replacing the
H+ of the membrane by the IL cation, which leads to different degrees of IL cation
54 Proton NMR Relaxometry Study of Nafion Membranes Modified with Ionic Liquid Cations
incorporated inside the membrane. It has been observed that the ionic conduct-
ivity of the modified Nafion/IL cation membranes may be tuned according to the
type of IL cation incorporated as well as their incorporation degree inside the mem-
brane. The most important result obtained with these modified membranes was the
higher stability observed at temperatures up to 200 °C. The modified membranes
were characterised in terms of distribution of the IL cation within the superficial
layer of the membrane using X-ray photoelectron spectroscopy (XPS); their electric
properties were also determined by Electrochemical Impedance Spectroscopy (EIS);
and, finally, the stability at high temperatures was evaluated by thermogravimetric
analysis. However, the effect of incorporating IL cations into Nafion on the proton
mobility and its impact in the resulting levels of confinement within the membrane
are not yet fully understood.
In this work, in order to better understand the proton mobility and levels of con-
finement inside the modified Nafion/IL cation membranes, Nuclear Magnetic Res-
onance (NMR) relaxometry studies were performed, in a wide range of frequencies,
at low and at high temperatures. This characterisation technique seems to be ad-
equate to study the molecular dynamics on these modified membranes as it has
already been used for studying systems with high molecular complexity, such as
liquid crystals in confined environments [25, 60–62] and also for characterisation
of proton mobility in Nafion membranes with different degrees of water content
[63–65]. Basically, the proton NMR relaxation technique describes the energy ex-
change between the proton spins of the hydrogen nuclei and the energy exchange
between this spin system and the surrounding lattice. These energy exchanges are
characterised by two relaxation rates: the spin-spin relaxation rate, R2=1/T2, and
the spin-lattice relaxation rate, R1=1/T1, where T2 is defined as the spin-spin relax-
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ation time and T1 as the spin-lattice relaxation time. When both relaxation times
are determined for a large range of Larmor frequencies ( υ) it is possible to obtain
detailed information regarding the molecular dynamics of the system [25]. The Lar-
mor frequency is defined as υ= γB2π , where B is the magnetic field and γ is the proton
gyromagnetic ratio.
The approach followed in this work involves the use of proton NMR relaxometry,
in a wide range of frequencies, to characterise the modified Nafion/IL cation mem-
branes in terms of their proton mobility and levels of confinement, and compare
them with an unmodified Nafion membrane. The effect of using different degrees
of incorporation of IL cations into Nafion, on the spin-lattice relaxation times (T1)
obtained at different frequencies was studied. Additionally, the diffusion coefficient
of protons was estimated by fitting physical relaxation models to the R1 dispersion
obtained for the Nafion membranes. The models used have already been success-
fully applied for the interpretation of the proton spin-lattice relaxation dispersion,
obtained for nano-confined low molecular mass liquid crystals in controlled por-
ous glasses [62]. Finally, the effect of increasing temperature on the stability of
the modified Nafion/IL cation membranes was also assessed through NMR relax-
ometry, making possible a qualitative correlation of the transient behaviour of the
relaxation rate with water content.
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3.3 Materials and Methods
3.3.1 Materials
Different Ionic Liquid (IL) cations were incorporated in a Nafion-112 membrane,
which initially is in the protonated form (obtained from Dupont (USA)). The com-
pounds used as source materials for the IL cations are listed bellow:
• phenyltrimethylammonium chloride, TMPA+Cl– from Fluka (Germany);
• 1-n-butyl-3-methylimidazolium bis(trifluoromethanesulfonimide), BMIM+BF–4
from Solchemar (Portugal);
• n-dodecyltrimethylammonium chloride, DTA+Cl– from TCI Instruments (Eng-
land).
The molecular formula, molecular structure, molecular weight and molecular
length of the corresponding IL cations studied are listed in Table 3.1. These IL
cations were studied in Chapter 2, and were selected in this work in order to study
the effect caused by cation incorporation into the membranes. Three cation sys-
tems were considered: one cation dissolved in an aqueous solution (DTA+), one
cation which is comprised in a room temperature ionic liquid (RTIL) whose water
content is very low (BMIM+), and finally a cation that contains an aromatic ring in
its structure (TMPA+). It should be mentioned that, in a Chaper 2, this last cation
(TMPA+) was considered one of the most interesting due to the resulting high ionic
conductivity of the modified membranes, as well as their enhanced thermal stabil-
ity at high temperatures (up to 200 °C), when compared with an unmodified Nafion
membrane.
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3.3.2 Incorporation of Ionic Liquid (IL) cations in Nafion membranes
Nafion membranes were incorporated with the ionic liquid cations, by immers-
ing the membrane in a solution that contains the IL cation, during different time
periods. Different periods of contact between the membranes and the ILs solu-
tions make possible to obtain different degrees of concentration of cations inside
the Nafion membrane due to an exchange that occurs between the membrane pro-
tons and the ILs cations. As previously described in Chaper 2, the concentration of
cations incorporated in the membrane was determined by measuring the pH and
the conductivity of the liquid phase, with a pH conductivity meter (model 720 A,
Orion) and with a laboratory conductivity meter (model 960, Schott Instruments),
respectively, before and after the incorporation procedure.
In order to incorporate the n-dodecyltrimethylammonium (DTA+) and phenyl-
trimethylammonium (TMPA+) cations into Nafion, it was necessary to prepare a
40 % (w/w) IL aqueous solution, since the source of both cations (DTA+Cl– and
TMPA+Cl– ) is solid at room temperature. The solution of DTA+Cl– was prepared
either with deionised water or with deuterated water.
3.3.3 NMR Relaxometry experiments
The proton spin-lattice relaxation times (T1) of the unmodified Nafion membrane
as well as for the modified Nafion/IL cation membranes were measured as a func-
tion of the Larmor frequency and at different temperatures. In order to cover the
frequency range from 400 kHz to 68 MHz, two different spectrometers were used. T1
measurements at Larmor frequencies between 400 kHz and 8 MHz were performed
in a homebuilt fast field-cycling spectrometer [66–68], with a polarization and de-
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tection field of 0.21 T (corresponding to the proton Larmor frequency of 8.9 MHz),
and switching times of 2–3 ms. The T1 data between 8 MHz and 68 MHz were ob-
tained in a conventional pulsed NMR Bruker spectrometer with a 0–2.1 T electro-
magnet and an Avance II 300 console, using the inversion-recovery radio-frequency
pulse-sequence with phase cycling ((π)x − (π/2)x,−x) for suppression of the dc bias.
It is important to mention that at 8 MHz, the common frequency value of the two
techniques, a good agreement between the T1 values measured by the conventional
and by the fast field-cycling spectrometer was achieved. The experimental error in
the spin-lattice relaxation time measurements is estimated to be lower than ±10 %.
3.4 Results and Discussion
3.4.1 Characterisation of modified Nafion/IL cation membranes us-
ing NMR relaxometry
NMR relaxometry results are typically represented as spin-lattice relaxation rate
(R1=1/T1, being T1 the spin-lattice relaxation time) for a range of Larmor frequen-
cies. This representation can provide useful information regarding the molecular
dynamics of the system. Fig. 3.2 shows this representation for Larmor frequency
values between 200 kHz and 8 MHz, for a Nafion membrane in the protonated form
at room temperature. For lower frequencies values, bellow 200 kHz, there was much
dispersion and “noise” in the values obtained are therefore these results were not
taken into account. It is important to mention that the magnetization decay beha-
viour for this membrane, at frequencies up to 8 MHz, is well described by a mono-
exponential behaviour characterised by a single T1. For higher frequencies values,
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above 43MHz (data not shown), this behaviour was not so clear. Above this fre-
quency, evidence was found of a two exponential decay of the longitudinal mag-
netization. This behaviour could be possibly associated with a decoupling of the
spin-lattice relaxation between two proton spin subsystems. Further work needs
to be performed in order to investigate this point. In this work, only those systems
characterised by a monoexponential were considered.
The relaxation rates observed in Fig. 3.2 are associated to all the hydrogen nuclei
present in the membrane. For Nafion in the protonated form, the relaxation rates
correspond both to protons associated with the sulphonic groups (Fig. 3.1) and
those of water enclosed in the membrane. The range and evolution of R1 values
obtained in this work are consistent with those of Perrin et. al [63]. A qualitatively
analysis of the results shows that for frequency values up to 3 MHz, there is practic-
ally not much variation in R1 values with an increase in the frequency. Above the fre-
quency of 3 MHz, a slight decrease in R1 is observed. Generally, NMR experiments
enable the detection of the slow motions of molecules at low frequencies, while at
high frequencies it is possible to detect the rapid motions of molecules. Therefore,
the independent frequency behaviour of the relaxation rate observed for Nafion in
the protonated form at low frequencies may be attributed to the fact that there are
no slow motions of the protons present in this membrane.
Finally, the relaxation rate values obtained for this membrane, in the range
between 10 s−1 and 35 s−1, are comparatively much higher than the characteristic
relaxation rate of bulk water, 0.3 s−1 [65]. Such higher relaxation rates suggest that
the protons are enclosed in a confined micro environment.
It was already observed in Chapter 2 the possibility of designing Nafion mem-
branes with different degrees of concentration of incorporated cation by varying
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Figure 3.2: Frequency dependence of the proton spin-lattice relaxation rate R1 for
Nafion/H+.
the contact time between the membrane and the IL cation solution. NMR relaxa-
tion experiments were also carried out for a Nafion membrane incorporated with
the n-dodecyltrimethylammonium (DTA+) cation, with different degrees of incor-
poration. The evolution of the measured spin-lattice relaxation time (T1) with the
incorporation degree for a Nafion membrane with DTA+, for different values of fre-
quency, is shown in Fig. 3.3.
The magnetization decay behaviour for this membrane, at frequencies up to
67 MHz, is also described by a monoexponential behaviour characterised by a single
T1. For all the frequencies tested, it was observed an increase in the value of T1 with
an increase in the incorporation degree, followed by an apparent stabilization of
the T1 values. It is also observed that for any value of the incorporation degree, the
magnitude of T1 is dependent on the frequency tested, which is a different beha-
viour than that observed previously for an unmodified Nafion membrane, where
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Figure 3.3: Spin-lattice relaxation time (T1) as a function of the incorporation degree
for different values of frequency.
constant values of T1 were observed at low frequencies.
To better understand the results obtained for the modified Nafion/IL cation
membranes, two different Nafion/DTA+ membranes were prepared, one with a low
incorporation degree (13 %), obtained after a contact time of 2 h, and another with
the incorporation degree obtained after reaching the equilibrium (68 %), which was
obtained after a contact time of 40 h. The evolvement of the incorporation degree
obtained for each contact time was determined in Chapter 2. The proton spin-
lattice relaxation time was then measured for a wide range of frequencies, between
400 kHz and 68 MHz. The frequency dependence of the proton spin-lattice relax-
ation rate R1 for both Nafion/DTA
+ (13 %) and Nafion/DTA+ (68 %) is represented
in Fig. 3.4a and 3.4b, respectively. Additionally, in the same figures there are also
represented the results obtained for Nafion/DTA+ membranes prepared with deu-
terated water solutions for the same incorporation degree of 13 % and 68 %. The
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Figure 3.4: Comparison of the frequency dependence of the proton spin-lattice
relaxation rate R1 for: (a) Nafion/H
+, Nafion/DTA+ (13 %) and Nafion/DTA+
(13 %)_D2O, and (b) Nafion/H+, Nafion/DTA+ (68 %) and Nafion/DTA+ (68 %)_D2O).
use of deuterated water in the NMR experiments assures that the contribution of
the protons from water used in the preparation of the aqueous solution of cation
is no longer detected. The resulting membranes will be referred to as Nafion/DTA+
(13 %)_D2O and Nafion/DTA+ (68 %)_D2O).
The relaxation rates observed in Fig. 3.4 are associated to all the hydrogen nuclei
present in the membranes. In the case of the modified Nafion/DTA+ membranes, in
addition to the contribution of the protons that a unmodified membrane possess,
it is also necessary to take into account possible contributions of the hydrogens
present in the structure of the incorporated cation (see Table 3.1 for the molecu-
lar structure of this cation). In both subfigures, distinct profiles may be observed
for the frequency dependence of the spin-lattice relaxation rate for an unmodified
Nafion membrane (Nafion/H+), and for that of modified Nafion/DTA+ membranes,
prepared either with deionised water or with deuterated water, especially at low fre-
quencies (up to 3 MHz). In contrast with the Nafion/H+ membrane, both modified
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Nafion/DTA+ membranes show a frequency dependence of the spin-lattice relax-
ation rate in the all the range of the frequencies tested. As previously mentioned,
at low frequencies the slow motions of the molecules are detected, which suggests
that the frequency-dependent behaviour observed for Nafion/DTA+ membranes, in
contrast with the flat profile that was observed for a Nafion membrane in the pro-
tonated form, may be attributed to the existence of slow motions of the protons of
the IL cation.
In the case of the modified membranes prepared with deuterated water, a dis-
tinct behaviour was observed, dependent from the degree of IL cation incorpor-
ated. In Fig. 3.4a, when Nafion has a DTA+ cation incorporation degree of 13 %,
similar values of T1 were obtained at low frequencies up to 8 MHz for Nafion/DTA
+
(13 %) and for Nafion/DTA+ (13 %)_D2O. However, at high frequencies the same was
no longer observed. The difference between these two membranes is that the H-
NMR will not detect the orientations and motions of the deuterium proton. Since
high frequencies are considered to be more sensitive to detect the rapid movements
of the molecules, this result may indicate that with a low DTA+ cation incorpora-
tion degree it is still possible to detect the rapid movements of water molecules
present in Nafion/DTA+ (13 %). In the case of a Nafion membrane incorporated
with the degree of cation incorporated at equilibrium (68 %) (Fig. 3.4b) no signific-
ant differences on the spin-lattice relaxation rates are observed for the membranes
Nafion/DTA+ (68 %) and Nafion/DTA+ (68 %)_D2O in the whole range of frequencies
tested. This result could lead to the wrong interpretation that with the maximum
incorporation degree, no water molecules remained in the membrane. Actually, in
Chapter 2, it is observed that a Nafion membrane with the maximum incorpora-
tion degree of the DTA+ cation, has still a large amount of water molecules inside
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its structure, which are deeply involved in the solvation of the incorporated DTA+
cations. Due to the fact that these water molecules are strongly involved in solva-
tion processes, it is reasonable to consider that they assume a more structured or-
ganisation. Therefore, a possible explanation for the results obtained could be that,
the increase in the incorporation degree of the DTA+ cation could lead to a more
confined environment and a higher degree of structuring of water within the mem-
brane and, consequently, it was no longer possible to detect rapid motions of water
molecules at high frequencies because they are in a more confined environment.
In this situation, the only rapid movements that are detected at high frequencies in
both membranes are the local fast motions associated with the IL cation.
The modification of Nafion membranes with the IL cations phenyltrimethylam-
monium chloride (TMPA+) and 1-n-butyl-3-methylimidazolium (BMIM+) was also
performed and studied using NMR relaxometry. In both cases, Nafion membranes
were prepared with the maximum degree of incorporation, respectively 95 % for
Nafion/TMPA+ and 18 % for Nafion/BMIM+. The maximum value of the incorpora-
tion degree obtained for each IL cation was determined in Chapter 2. A comparison
of the frequency dependence of the proton spin-lattice relaxation rate R1 is shown
in Fig. 3.5 for the unmodified Nafion membrane and for the modified Nafion mem-
branes tested with all different cations, for the situation of maximum incorporation
degree.
A monoexponential magnetization decay, characterised by a single T1, was ob-
served for Nafion incorporated with the TMPA+ and BMIM+ cations, in the whole
frequency range analysed. For all of the modified Nafion/IL cation membranes a
similar frequency dependence of R1 may be observed in Fig. 3.5. In the case where
Nafion is modified with IL cations, this experimental technique detects slow mo-
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Figure 3.5: Comparison of the frequency dependence of the proton spin-lattice re-
laxation rate R1 for the unmodified and modified Nafion/IL cation membranes.
tions of the molecules at low frequencies, that are not detectable or that do not exist
in a Nafion membrane in the protonated form. At high frequency values, similar
values of R1 are obtained for all of the modified Nafion/IL membranes, which are
associated to fast motions of the molecules. It is clear from Fig. 3.5 that the relax-
ation rate curves for all of the modified membranes converge to the same value at
high frequencies. A possible explanation of this behaviour is that at high frequen-
cies only the fast movements of individual molecules are detected, which are not
typically affected by the confinement conditions in their microenvironment at that
frequency range. Therefore, these results suggest that the fast and individual mo-
tions of the cations are similar, irrespective of their molecular structure.
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3.4.2 Modelling of proton spin-lattice relaxation of modified Nafion/IL
cation membranes
The proton spin-lattice relaxation rate may be typically analysed in terms of a relax-
ation model that considers a sum of two contributing relaxation mechanisms. One
mechanism is associated with the individual rotations and reorientations of small














where A is a fitting parameter which depends of the characteristic angles and
distances between proton spins of the hydrogen nuclei and τc is a correlation time
[25]. Since this equation takes into consideration the free rotation of the molecules,
generally it can also describe the bulk free self-diffusion of the molecules which are
not affect by confining conditions. The second relaxation mechanism considered is
associated with the self-diffusion close to the confining walls and the corresponding
reorientations, which depends from the surface structure (RMTD – rotations medi-
ated by translational displacements). In this case, the spin-lattice relaxation rate
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where p = (1 + χ)/2, being χ the orientational structure factor, zmax=
(ωRMT D max /ω)1/2, zmi n = (ωRMT D mi n/ω)1/2. ARMT D is a parameter which depends
on the residual dipole-dipole proton spin interaction, on the microstructural fea-
tures of the confined environment, and on the diffusion coefficient. The high and
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low cut-off frequencies, ωRMT D max and ωRMT D mi n , respectively, are related with
the self-diffusion constant (D) through the following relations: (ωRMT D max )−1 =
l 2mi n/4D and (ωRMT D mi n)
−1 = l 2max/4D , where lmax and lmi n are respectively the
largest and smallest displacement distances [62]. The RMTD relaxation mechanism
was previously referred by Perrin et al. [65] when analysing the diffusion of water
molecules inside a Nafion membrane.
As previously mentioned, modified Nafion/IL cation membranes appear to present
nano-sized cavities interconnected by narrow channels where the small molecules
(e.g. IL cations and hydrogen protons) move. Therefore, the different dimensions
of cavities and channels inside the membrane may influence the proton mobility of
the membrane, since there are regions that may be more confined than others. Ad-
ditionally, the presence of water molecules and their degree of structuring, which
results from the incorporation of IL cations, may also influence the proton mobility
inside the membrane. The motion of the molecules inside Nafion can therefore be
considered similar to that observed with confined liquid crystal molecules in nano-
porous glasses [62]. The approach followed in this work involved the fitting of a
model equation, given by a linear combination of BPP and RMTD models, to the
experimental spin-lattice relaxation rate values, in order to verify its potential in de-
scribing the frequency dependence of relaxation rates of modified Nafion-IL cation
membranes. A similar model was used to analyse the proton spin-lattice relaxa-
tion dispersion obtained for confined liquid crystals in nano-porous glasses [61, 62],
where analogous frequency dependence of spin-lattice relaxation rates were ob-
tained when compared to those observed in this work (Fig. 3.4 and 3.5).
The fitting model equation is thus given by:
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(R1)Tot al = (R1)BPP + (R1)RMT D (3.3)
The calculated relaxation rate for an unmodified Nafion membrane, obtained
by fitting Eq. 3.1, is shown in Fig. 3.6a, while the calculated relaxation rates for
the modified Nafion/IL cation membranes, obtained through fitting of Eq. 3.3, are
shown in Fig. 3.6b to 3.6d [69]. The symbols represent the experimental values, the
solid lines represent the calculated total relaxation rates, while the dash and dash-
dot lines represent respectively, the individual contributions of the RMTD and the
BPP relaxation mechanisms.
For a Nafion membrane in the protonated form (Fig. 3.6a), only the BPP equa-
tion was taken into consideration in the fitting of the experimental results, since this
membrane shows a constant relaxation rate at low frequencies, followed by a fre-
quency dependent relaxation rate behaviour at high frequencies. This indicates that
only the individual and fast movements were detected. Excellent fitting of the ex-
perimental results was obtained in all cases. Therefore, it may be assumed that the
spin-lattice relaxation mechanisms for the modified Nafion/IL cation membranes
are well described by the proposed model. The fitted values of the free parameters
used in the calculation of the curves shown in Fig. 3.6 are presented in Table 3.2.
Since the fitted cut-off frequency (ωmax) parameter can be related with the pro-
ton translational self-diffusion in the less confined regions by (ωRMT D max )−1=
(2π fc max)−1 = l 2mi n/4D as mentioned before, the diffusion coefficient, considered
as a global diffusion coefficient, including the contribution of every proton present
within the membrane, defined in its less confined region, can be estimated assum-
ing physically reasonable values for the lmi n (e.g. molecular length of the IL cations).
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Figure 3.6: Calculated relaxation rates obtained through fitting for (a) Nafion/H+,
(b) Nafion/TMPA+, (c) Nafion/BMIM+, and (d) Nafion/DTA+. The symbols repres-
ent the experimental values, the solid lines represent the calculated total relaxation
rates, while the dash and dash-dot lines represent respectively the single contribu-
tion of the RMTD and BPP equations.
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Table 3.2: The best fit values of parameters used in calculating the dispersion curves
presented in Fig. 3.6
Nafion/H+ Nafion/TMPA+ Nafion/BMIM+ Nafion/DTA+
τc , s 1.23×10−8 8.23×10−10 5.71×10−10 9.4×10−10
AROT , s−2 5.06×108 2.16×109 2.15×109 2.16×109
ARMT D , s−(1+p) – 1.11×105 6.84×103 2.2×106
fc mi n , Hz – 2.3×103 1.5 1.1
fc max , Hz – 1.3×107 6.19×107 2.81×107
p – 0.63 0.41 0.82
Table 3.3 summarizes the fitted maximum frequency and the estimated diffusion
coefficient for the modified Nafion/IL cation membranes with a maximum degree
of incorporation. It is not possible to estimate a diffusion coefficient for the Nafion
membrane in the protonated form, since only the BPP model (Eq. 3.1) can be fit-
ted to experimental results, which does not include the maximum frequency para-
meter required for the estimation of diffusion coefficients. The analysis of these
results is not straightforward, since the estimated diffusion coefficient takes into
account the contribution of all protons. The discrimination of the individual dif-
fusion coefficient of each type of proton, either from the original sulphonic groups
(remaining protons after the exchange process) or from the IL cation or from water,
is therefore not possible with the applied methodology. Even so, the magnitude of
the results obtained suggest that membranes incorporated with the TMPA+ cation
are characterized by a slower diffusional transport than those of Nafion/BMIM+ and
Nafion/DTA+, which is indicative of a more confined and structured environment
within the membrane.
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Table 3.3: Fitted values of maximum frequency and diffusion coefficient for the
modified Nafion/IL cation membranes




3.4.3 Temperature effect on the spin-lattice relaxation time
In order to study the stability of the modified membranes at high temperatures,
spin-lattice relaxation time measurements were performed for an unmodified Nafion
membrane as well as for three different modified membranes with the maximum
degree of incorporation, at two different temperatures (80 °C and 120 °C), and at a
constant Larmor frequency value of 1500 kHz. Fig. 3.7 illustrates the time evolve-
ment of the spin-lattice relaxation time for the distinct temperatures studied, and
for the four membranes tested.
In a first analysis it can be seen that, at room temperature, all the membranes
maintain a constant T1 value throughout the experiment: this result may be taken
as an indication of membrane stability in terms of their water content. Moreover,
an increase in the initial T1 value measured is observed with an increase in the
temperature for all of the modified Nafion/IL cation membranes. This was an ex-
pected result, since T1 typically increases with an increase in temperature. This
behaviour is reasonable since at high frequencies the spin-lattice relaxation rates
correspond to the bulk translational self-diffusion and to the fast molecular rota-
tions/reorientations mechanisms which are proportional to the correlation times
of these motions. Since these motions are usually thermally activated, their correl-
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Figure 3.7: Time evolution of the spin-lattice relaxation time for different tem-
peratures: 23 °C, 80 °C and 120 °C for (a) Nafion/H+, (b) Nafion/TMPA+, (c)
Nafion/BMIM+, (d) Nafion/DTA+ membrane.
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ation times decreases with increasing temperature.
Regarding the unmodified Nafion membrane (Fig. 3.7a), a sharp decrease with
time is observed at 80 °C in the value of T1, which is most possibly related with the
membrane dehydration at that temperature, previously observed by thermogravi-
metry analysis (Chaper 2). Membrane dehydration at 80 °C apparently depleted
all water contained within the membrane, which is indicated by highly dispersed
and “noisy” values obtained in the experiments performed at 120 °C. In the case of
Nafion/TMPA+ (Fig. 3.7b) a constant value of T1 with time was obtained for all the
temperatures tested, which may translate the stability of these membranes even at
high temperatures. This observation is again in agreement with the previous res-
ults obtained through thermogravimetry analysis (Chaper 2), which provides an ad-
ditional proof of the good stability of Nafion/TMPA+ membrane, in terms of wa-
ter loss. The results shown in Fig. 3.7d suggest that the Nafion/DTA+ membrane
is somewhat less stable than Nafion/TMPA+. In fact, a slight decrease in T1 is ob-
served at 80 °C, indicating dehydration of the membrane. At 120 °C the membrane
appears to maintain its stability corresponding to constant T1 values, which is again
consistent with previous thermogravimetric results (Chaper 2). The Nafion/BMIM+
membrane can be considered the least stable of the modified membranes studied
in this work. Fig. 3.7c shows a steady decrease in T1 values at 80 °C, indicating water
depletion, while at 120 °C the membrane appears to maintain its water content.
The results obtained in this work show that membrane stability to dehydration is
linked to the type and degree of cation incorporation, which ultimately determines
their water content and water degree of structuring. The Nafion/TMPA+ presents
a high cation incorporation degree (95 %) and a reduced but rather stable water
content, while Nafion/DTA+ exhibits also a high cation incorporation degree (68 %)
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but a higher water content (Chaper 2). In both cases the water molecules present
within the membrane seem to be highly structured, making difficult their loss at
higher temperatures, resulting in membranes more stable when compared with the
Nafion membrane in the protonated form. In what concerns the Nafion/BMIM+
membrane, it has a low cation incorporation degree (18 %) and relatively high wa-
ter content. The water present within this membrane appears to be less confined
and structured, in comparison with the other modified membranes tested, which is
confirmed by its lower stability at higher temperatures.
3.5 Closure
This work shows that proton NMR relaxometry is a technique with a large potential
for the characterisation of proton mobility in unmodified Nafion membranes and
in Nafion membranes modified with IL cations. Also, it has been shown that this
technique makes possible to distinguish between different levels of confinement
within the membrane structure.
The results obtained suggest that the molecular dynamics of the modified Nafion/IL
cations membranes can be analysed by performing different measurements of the
spin-lattice relaxation times (T1) obtained at different values of frequency. Qual-
itative results showed that in a Nafion membrane in the protonated form it is not
possible to detect slow motions of molecules, while for modified membranes, de-
pending on the frequency range tested, the contribution of the slow motions as well
as the fast motions of the molecules present in the membranes could be detected.
The frequency dependence of the spin-lattice relaxation rate (R1) data obtained
for the modified Nafion/IL cation membranes was adjusted to the physical relax-
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ation model (R1)Tot al = (R1)BPP + (R1)RMT D and it was found that the model fits
adequately the results. Therefore it was concluded that the approach followed in
this work for modifying Nafion membranes with IL cations results in membranes
with two different environments: one that is more confined and with a lower pro-
ton mobility, described by the RMTD model (low frequencies); and other that is less
confined, with a higher proton mobility, described by the BPP model (high frequen-
cies). By using the best fit parameters obtained with the model mentioned above,
it was possible to estimate a global diffusion coefficient of the protons present in
the membrane. The results obtained suggest that the Nafion membrane incorpor-
ated with theTMPA+ cation has a more confined and structured environment, when
compared with Nafion/BMIM+ and Nafion/DTA+ membranes, since its estimated
diffusion coefficient is one order of magnitude lower, when compared with the val-
ues obtained for other two membranes.
NMR relaxometry studies were also applied for assessing the membranes stabil-
ity at high temperatures. The results obtained are in agreement with those obtained
in previous thermogravimetric studies for these membranes. It was concluded that
the proton mobility of an unmodified membrane is strongly reduced at high tem-
peratures, while for the modified membranes, especially for Nafion/TMPA+ and
Nafion/DTA+ the proton mobility presents small variations with increasing temper-
ature.
Future work will be focused on performing measurements of T1 for a wider range
of frequencies for modelling purposes. Such results could be valuable for determin-
ing the dimensions of the confining environments as well as better estimates of both
self- and induced-diffusion coefficients. Moreover, additional experiments with deu-
terated water could help in the identification and discrimination of individual con-
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4.1 Summary
Nafion membranes were modified by incorporation of ionic liquid (IL) cations, at
controllable degrees, in order to assess the influence of this modification in both
the methanol and gas crossover. The effect of using different degrees of incorpor-
ated IL cations, as well as the type of IL cation incorporated, in the transport of gases
and methanol was studied in detail. The results obtained were compared with those
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obtained with an unmodified Nafion membrane. Depending on the IL cation incor-
porated, a reduction in methanol crossover in the range of 60–600 times was ob-
tained in this work, when compared with a Nafion-112 membrane. This reduction
was related both with the type of IL cation incorporated and its incorporation de-
gree which determine the amount of water retained by the membrane and its degree
of structuring inside the membrane. Pure H2, O2, N2 and CO2 permeabilities were
also determined, and a lower gas crossover through all of the modified Nafion/IL
cation membranes was obtained when compared with those obtained through the
unmodified membrane (Nafion-112/H+). It was concluded that the electric proper-
ties, methanol and gas crossover as well the stability at high temperatures of these
membranes can be tuned by controlling the degree of incorporation as well as the
type of cation incorporated. The best compromise between all these properties has
to be found in order to considerer their use in Direct Methanol Fuel Cells (DMFCs).
4.2 Introduction
Direct methanol fuel cells (DMFCs) have been widely studied in the literature over
the last years [5, 70, 71] since they can be regarded as a potential energy power
source due to their simple design and mode of operation, their ability to operate
at relatively low temperatures (up to 150 °C), and their easy fuel storage, when com-
pared with fuel cell systems using H2 as a fuel. Energy is produced in a DMFC by
the catalytic oxidation of liquid methanol at the anode, thereby producing protons,
electrons and carbon dioxide. The protons produced are transported by diffusion to
the cathode compartment through a polymer exchange membrane (PEM). In this
compartment, the protons react with oxygen and electrons to produce water. One
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Figure 4.1: Chemical structure of Nafion.
of the key elements that determine the performance and life-time of a DMFC is the
polymer exchange membrane. The PEMs used in this type of devices should exhibit
a low methanol and gas crossover, an high proton conductivity as well as an high
chemical, mechanical and thermal stability at temperatures above 80 °C [7].
The PEM material most studied in DMFCs is Nafion. This polymer consists of a
polytetrafluoroethylene (PTFE) backbone with sulphonic acid side-groups arranged
in intervals along the chain, as illustrated in Fig. 4.1 [1, 6].
This membrane is widely used in fuel cells studies because it fulfils most of the
required properties. Nafion has a high proton conductivity, which depends strongly
on its water content, and it also exhibits good mechanical, thermal and chemical
stability at temperatures up to 80 °C. However, above this temperature a decrease
in its water content is observed lowering the proton conductivity and leading to a
loss of the spatial coherence of the membrane. Additionally, when used in a DMFC
system, a relatively high methanol and gas crossover is observed [5, 7, 70, 71].
A number of works are available in the literature where Nafion membranes were
modified in order to overcome the problem of methanol crossover. Wang et al. [72]
modified a Nafion membrane by a direct polymerization of a protonated polyanil-
ine (PANI), in order to obtain a composite membrane. PANI was chosen due to its
electrochemical conductivity and stability in corrosive environments. In that work
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a reduction of 59 % on the methanol crossover was observed. In the work developed
by Li et al. [73] Nafion was modified by an in-situ chemical polymerization of 3-4-
ethylenedioxythiophene, and the methanol crossover of the membranes produced
was reduced by 30 % to 72 % when compared with unmodified membranes. There
is also a number of works that report the development of organic-inorganic com-
posite membranes [74, 75], where reductions in methanol crossover between 50 %
and 80 % were obtained. Instead of modifying the Nafion membrane material, other
authors prepared less expensive membrane materials as alternatives to Nafion. Ex-
amples of such materials are the sulfonated poly(oxa-p-phenylene-3,3-phtalido-p-
phenylene-oxa-p-phenilene-oxy-phenylene) (PEEK-WC) membranes, where a re-
duction of about two orders of magnitude of the methanol crossover was obtained
in comparison with Nafion-117 [76], and the sulfonated poly(ether ether ketone)
(sPEEK) membranes, where a reduction of 92 % on the methanol crossover was ob-
served [28].
Gas crossover in Nafion membranes is relatively well documented in the liter-
ature [77–84]. Despite the fact that crossover of gases, present as reagents and/or
reaction products in DMFCs, may be also considered as an important factor influ-
encing the efficiency of a DMFC, strategies to reduce gas crossover have attracted a
relatively lower attention when compared to methanol crossover. Strategies for gas
crossover reduction were studied for alternative membrane materials with modest
results [28, 76, 85, 86]. Drioli et al. [76] studied the permeability of the sulfonated
PEEK-WC membranes towards O2, N2, CO2, He and H2, and obtained lower per-
meabilities than those obtained with Nafion-117 for the gases O2, N2 and CO2. In
the work developed by Silva et al. [28] the permeability of Nafion-112 for N2, O2
and CO2 was determined and compared with a sulfonated poly(ether ether ketone)
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membrane with different sulfonation degrees. Depending of the sulfonation degree,
permeability reductions in the ranges of 43–57, 20–57 and 12–39 were obtained for
N2, O2 and CO2, respectively when compared with a Nafion membrane. Gosalawit
et al. [85] tested two types of membranes, the sulfonated PEEK-WC and Krytox-Si-
Nafion, and determined the permeability of H2 and O2. A reduction in gas crossover
was observed for both membranes when comparing with Nafion-117, with a max-
imum reduction of 91 % for H2 and 42 % for O2.
The approach followed in this work was the design of modified Nafion mem-
branes by partially replacing their protons with ionic-liquid (IL) cations, in order
to assess the influence of this modification in both the methanol and gas crossover.
Ionic Liquids (ILs) are compounds consisting entirely of ionic species comprising an
organic cation and an inorganic or organic anion [35], and they present a good elec-
trical conductivity, a high ionic mobility and good thermal and chemical stability
[43, 44]. In Chapter 2 the incorporation of IL cations into a Nafion-112 membrane
was studied. The IL cations tested were phenyltrimethylammonium (TMPA+), n-
dodecyltrimethylammonium (DTA+), hexadecyltrimethylammonium (CTA+), 1-n-
butyl-3-methylimidazolium (BMIM+), and 1-n-octyl-3-methylimidazolium
(OMIM+). After incorporation into Nafion their distribution was characterised by
X-ray Photoelectron Spectroscopy (XPS). Additionally, the electrical properties of
the modified membranes, with different degrees of cation incorporation, were de-
termined by Electrochemical Impedance Spectroscopy (EIS). The stability of the
modified membranes with increasing temperature was determined by thermogra-
vimetric studies, which allowed to establish a plausible relation between the mem-
brane stability at high temperatures with its water content and type of water struc-
turing. The results obtained show that, depending on the incorporated IL cation
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in the Nafion structure, the ionic conductivity and consequently the proton mo-
bility of the modified membranes can either decrease or increase. Even though for
some of the IL cations incorporated the ionic conductivity of the modified Nafion/IL
membranes obtained was compromised, it was observed that all membranes stud-
ied remained stable at temperatures up to 200 °C due to their ability to retain wa-
ter at higher temperatures, which is attributed to water structuring effects within
the membrane and water involvement in additional solvation of the incorporated
cation.
This work discusses the design of Nafion membranes, modified with different
degrees of incorporation of ionic liquid cations, and evaluates the effect of this modi-




The membrane used as a reference material was Nafion-112 in the protonated form
(equivalent molecular weight of 1100 g mol−1 and a thickness of 51µm), obtained
from Dupont (USA).
Different Ionic Liquid (IL) cations were incorporated within the Nafion-112 mem-
brane. The compounds used as source materials for the cations are listed bellow:
• tetramethylammonium chloride, TMA+Cl– from Fluka (Germany);
• phenyltrimethylammonium chloride, TMPA+Cl– from Fluka (Germany);
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• n-dodecyltrimethylammonium chloride, DTA+Cl– from TCI Instruments (Eng-
land);
• hexadecyltrimethylammonium bromide, CTA+Br– from Sigma (USA);
• 1-n-butyl-3-methylimidazolium hexafluorophosphate, BMIM+PF–6 from Sol-
chemar (Portugal);
• 1-n-octyl-3-methylimidazolium hexafluorophosphate, OMIM+PF–6 from Sol-
chemar (Portugal).
• methyl-tricaprylylammonium dicyanamide, ALIQUAT+DCA– from Solchemar
(Portugal).
The molecular formula, molecular structure, molecular weight and molar volume
of the corresponding IL cations are listed in Table 4.1. The IL cations TMA+, TMPA+,
DTA+, CTA+ and ALIQUAT+, which are all quaternary amines, were selected in or-
der to study the effect of different alkyl chain lengths, and also to assess the effect
of the presence of an aromatic ring in the structure of the cation (TMPA+). ILs with
imidazolium type cations with different length of alkyl chain, BMIM+ and OMIM+,
were also selected.
4.3.2 Incorporation of Ionic Liquid (IL) cations in Nafion membranes
Each protonated Nafion membrane was immersed in a solution that contains the IL
cation for a specific period of time, in order to exchange the protons from the Nafion
membrane with the IL cations. The pH and conductivity of the liquid phase were
measured, before and after incorporation, using a pH conductivity meter (model























































































































































































































































































































































720 A, Orion) and a laboratory conductivity meter (model 960, Schott Instruments),
respectively, in order to determine the concentration of cations incorporated inside
the Nafion membranes (Chapter 2).
4.3.3 Methanol crossover measurements
Methanol crossover measurements of the modified Nafion/IL cation membranes
were performed by using a glass diffusion cell with two identical compartments,
having a volume of 160 mL each, separated by the membrane. The effective mem-
brane area was determined to be 12.6 cm2. Both compartments were stirred at
300 rpm, which provided the adequate fluid dynamic conditions to avoid external
mass transfer limitations (experimentally validated). One of the compartments con-
tained initially a 15 M aqueous methanol solution and the other compartment con-
tained deionised water. Since the methanol crossover is affected by the feed con-
centration [5, 87], a methanol concentration of 15 M was used in order to assess the
membrane performance at a high concentration level, which is favourable for the
fuel cell operation. The evolvement of the methanol concentration in the receiv-
ing and donating compartments, due to methanol permeation, was monitored by
refractometry. The analytical set-up consisted of an high pressure pump (L-6200A,
Merck, Germany), an auto sampler (AS-4000A, Merck, Germany) and a differential
refractometer (RI-71, Merck, Germany). A volume of 30µL of each sample was in-
jected into the refractometer, using water as eluent with a flow rate of 1 mL min−1.
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Figure 4.2: Scheme of the experimental set-up for measuring pure gas crossover
through the modified Nafion/IL membranes.
4.3.4 Gas crossover measurements
The pure gas crossover of the modified Nafion/IL membranes was measured for H2,
O2, N2 and CO2. These experiments were carried out in the experimental apparatus
shown in Fig. 4.2. It is composed by a stainless steel cell with two identical com-
partments separated by the modified membrane, with an effective membrane area
of 15.9 cm2. Gas crossover was evaluated by pressurizing both compartments (feed
and permeate) with a single gas establishing an initial pressure difference of 0.5 bar
between both compartments. The pressure evolvement in both compartments was
followed by using two pressure transducers (Druck, PDCR 910 models 99166 and
991675, UK). All measurements were performed at a constant temperature of 30 °C,
by using a thermostatic bath (Julabo, Model EH, Germany).
The crossover of a pure gas through a membrane may be calculated from the
pressure data obtained from both compartments (feed and permeate) shown in Fig.
4.2, according to the following equation [11]:
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where p f eed and pper m are the pressures in the feed and permeate compart-
ments (Pa), respectively, P is the membrane permeability (m2 s−1), t is the time (s),
and l is the membrane thickness (m). The geometric parameter β (m−1) is charac-









where A is the membrane area (m2), and V f eed and Vper m are the volumes of
the feed and permeate compartments (m3), respectively. The data can be plotted as
1/β · ln(∆p0/∆p) versus t/l, and the gas permeability values are obtained from the
slope of this representation.
4.4 Results and Discussion
4.4.1 Methanol crossover results
Methanol crossover measurements were performed for modified Nafion/IL as wells
as for unmodified Nafion membranes. The methanol crossover, expressed in terms
of its diffusivity across the membrane, was determined by using Eq. 4.1, replacing
pressure by concentration in each compartment. A crossover of 2.45×10−6 cm2s−1
was obtained for the unmodified Nafion-112 membrane in the protonated form,
which is within the range of values available in the literature (values in the range of
1.4×10−6 cm2s−1 to 3.52×10−6 cm2s−1 [70–72, 74, 75, 88–96], therefore validating
the experimental method used in the present work.
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4.4.1.1 Effect of the incorporation degree of the IL cation
A Nafion-112 membrane was modified by incorporation of the n-dodecyltrimethyl
ammonium (DTA+) cation at different concentrations, in order to study the effect
of the incorporation degree on the methanol crossover. To perform these measure-
ments, the protonated membrane was immersed for different periods of time in an
aqueous solution of DTA+Cl– , as previously described in section 4.3.2. The degree
of incorporation of the cation inside the membrane was determined by measuring
the pH of the IL aqueous solution before and after incorporation. The procedure
followed for incorporating IL cations in Nafion at different concentration degrees
has been already described in detail in the previous Chapter 2.
Fig. 4.3 represents the methanol crossover obtained as a function of the DTA+
cation incorporation degree and as a function of the total volume of incorporated
cation per unit membrane volume. This volumetric ratio (cm3ILcation / cm
3
membrane)
was determined knowing the cation incorporation degree, the DTA+ cation molar
volume (Table 4.1) and the membrane thickness after incorporation. The cation
molar volume was estimated by the Schroeder’s method [45], which does not ac-
count for solvation effects.
It is important to mention that the methanol crossover value obtained for an
unmodified Nafion membrane is also represented in Fig. 4.3 and corresponds to
0 % of cation incorporation degree.
When comparing to a Nafion membrane in the protonated form, a significant re-
duction in the methanol crossover was achieved. It was also noticed that the meth-
anol crossover decreases with an increase in the cation incorporation degree, being
observed a sharp decrease up to a cation incorporation degree of approximately
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Figure 4.3: Methanol crossover as a function of the DTA+ cation incorporation de-




13 %, and a less pronounced variation with further cation incorporation.
During incorporation of the DTA+ cation into Nafion it is necessary to consider
the water exchange between the membrane and the IL aqueous solution. The wa-
ter molecules inside the Nafion/DTA+ membrane are deeply involved in solvation
processes, namely the solvation of the incorporated DTA+ cations. Obviously this
process is more significant for higher incorporation degrees. The water molecules
involved in these solvation processes are in a more confined environment and, due
to the strong solvation conditions, they assume a more structured organisation.
Therefore, a plausible explanation for a decrease in methanol crossover with an in-
crease in the cation incorporation degree, as shown in Fig. 4.3, is related with water
structuring inside the membrane as the cation incorporation degree increases. Such
higher confinement and structuring of the water within the membrane material
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Table 4.2: Methanol crossover obtained for the different Nafion/IL cation mem-
branes studied
Membranes Incorporation degree, % Methanol crossover, cm2s−1
Nafion/H+ 0 2.45×10−6
Nafion/ TMA+ 95 4.21×10−8
Nafion/ BMIM+ 18 5.16×10−8
Nafion/TMPA+ 82 3.89×10−8
Nafion/ OMIM+ 4 2.59×10−8
Nafion/DTA+ 68 1.56×10−8
Nafion/ CTA+ 65 1.21×10−8
Nafion/ ALIQUAT+ 15 4.05×10−9
could lead to an increased viscosity of the hydrophilic domains and, consequently,
to a larger diffusional resistance of the modified membrane to methanol transport
[90, 97].
4.4.1.2 Effect of the different IL cations incorporated
The effect of incorporating different cations, in the methanol crossover through a
Nafion membrane, was evaluated and the resulting cation incorporation degree for
each Nafion/IL cation membrane as well as the methanol crossover values obtained
are shown in Table 4.2. It is important to mention that, the incorporation degree
presented in this Table is the maximum value that was achieved for each membrane.
The analysis of the values presented in Table 4.2 clearly evidences that, when
compared with a Nafion membrane in the protonated form, a reduction in the meth-
anol crossover was obtained for all the modified Nafion/IL-cation membranes stud-
ied. Since the IL cations studied are quite different in their structure (Table 4.1), as
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Figure 4.4: Methanol crossover as a function of the volumetric ratio of the incor-
porated IL cation volume per final membrane volume, in equilibrium (cm3ILcation /
cm3membrane).
well as their maximum incorporation degree (Table 4.2), the volume of the incor-
porated cation per final membrane volume was calculated. Fig. 4.4 represents the
methanol crossover of the different modified Nafion/IL-cation membranes stud-
ied as a function of the volumetric ratio of the incorporated IL cation cm3ILcation /
cm3membrane).
It can be observed that the methanol permeability decreases with an increase
in the volume of incorporated cation. As stated before, more important than the
volume occupied by the bulky IL cation, is the higher water structuring within the
Nafion membrane that results from the solvation of the different IL cations incor-
porated. Thermogravimetric analysis, performed in a previous work, section 2.4.4,
Chaper 2, allowed to follow the loss of water by the membrane as the temperature is
raised.
Fig. 4.5 illustrates the membrane weight loss as a function of temperature for dif-
ferent Nafion/IL cation membranes. The evolvement of the membrane weight with
94 Methanol and Gas Crossover Through Modified Nafion Membranes by Incorporation of Ionic Liquid Cations
Figure 4.5: Evolvement of each membrane weight with increasing temperature (fig-
ure adapted from Chapter 2).
increasing temperature may be associated with the membrane ability to retain wa-
ter at high temperatures. It is expected that membranes with a higher ability to re-
tain water are the ones where the water molecules are strongly involved in solvation
processes. It is observed that the Nafion membrane in the protonated form looses
more water, and easily, when compared with all other modified Nafion/IL cation
membranes. It is interesting to notice that the sequence in terms of the ability to
retain water (Fig. 4.5) agrees very closely with the sequence in terms of the ability
to avoid methanol crossover (Fig. 4.4). The explanation for this behaviour has been
discussed previously and is certainly related with the degree of water confinement
and structuring induced by the solvation of incorporated cations. This effect is ex-
pected to be more significant for the largest cations incorporated. Such high degree
of water structuring is expected to lead to an augmented diffusional resistance and
to a lower methanol crossover. Fig. 4.5 does not include the results for all IL cations
studied in this work, such as TMA+ and ALIQUAT+, but it could be anticipated that
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those modified membranes will follow a similar trend.
4.4.1.3 Comparison with the different strategies presented in the literature
As previously mentioned, there are several works in the literature aiming a reduc-
tion in the methanol crossover by modifying Nafion membranes or by preparing
new membrane materials. Although high methanol feed concentrations are favour-
able for the fuel cell performance, they can also lead to a high methanol crossover,
which is reported to have a long-term negative impact on their performance and
lifetime [5, 87]. Actually, most of the works available in the literature are restricted to
low methanol concentrations (up to 3 M). Furthermore, thinner membranes such as
Nafion-112 (with a thickness of 51µm), present advantages such as an higher ionic
conductivity when compared with a Nafion-117 membrane (which has a thickness
of 175µm), but have the disadvantage of permitting a high methanol crossover, with
a negative impact on the fuel cell performance and life-time. In this work, the meth-
anol crossover was determined for a Nafion-112 membrane under high methanol
feed concentration conditions (15 M). Table 4.3 compares the methanol crossover
reduction obtained in this work with selected examples from the literature. Since
these experimental values were obtained under different experimental conditions,
operating conditions such as methanol concentration and temperature are also lis-
ted in Table 4.3. The reduction in methanol crossover is presented in Table 4.3 as the
ratio of the unmodified Nafion methanol permeability to the modified membrane
permeability. The analysis of Table 4.3 clearly shows that the reduction in methanol
crossover obtained in this work is superior when compared with other approaches
in the literature.
One of the most promising results were obtained by Banaszak et al. [90], where
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the impact on the methanol crossover was studied by modifying a Nafion-117 mem-
brane with the IL cation EMIM+ (1-ethyl-3-methylimidazolium). Even though the
reduction in the methanol crossover obtained in the referred work (11-fold reduc-
tion) was inferior to the values obtained in this work (58–605 range of reduction),
both results are apparently consistent considering that the EMIM+ cation is smaller
than, for example, the BMIM+ and OMIM+ cations.
4.4.2 Gas crossover results
The gas crossover of the modified Nafion/IL cation membranes was measured with
pure gases that are typical constituents of the anode side of a fuel cell, such as H2
and CO2, and of the cathode side of a fuel cell such as O2 and N2. Fig. 4.6 shows the
variation of the gas crossover obtained for both modified Nafion/IL membranes and
unmodified Nafion-112 membrane, as a function of the Lennard-Jones diameter of
each gas [45].
Nafion is described as a complex polymer having distinct regions: a hydrophobic
region mainly associated with the polytetrafluoroethylene backbone, which is re-
sponsible for the mechanical stability of the membrane, and a hydrophilic region
comprised by the sulfonic acid side-groups, which is related to the membrane hy-
dration and proton mobility [6]. Gas transport in such a complex material as Nafion
is commonly described as being governed by combined effects of solubility and dif-
fusivity of the transported species through both regions [82, 98].
In a first analysis it is observed that the trend of permeability values is the same
as for the Nafion membrane in the protonated form, PCO2 >PH2 > PO2 >PN2 and follow-
ing a similar behaviour when compared with other polymeric materials. Solubility
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Figure 4.6: Gas crossover obtained for the Nafion/IL membranes as a function of the
Lennard-Jones diameter of each gas, at a temperature of 30 °C.
effects dominate for gases of larger molecules (CO2 and gases/vapours with a higher
molecular mass), while permeation of gases of smaller molecules is determined by
their diffusivity. These effects explain the high crossover of CO2, attributed to its
high solubility, and the high crossover of H2, attributed to the high diffusivity of this
gas [99].
It is also clearly evidenced in Fig. 4.6 that gas crossover through all of the mod-
ified Nafion/IL cation membranes is lower than crossover through the unmodified
membrane (Nafion-112/H+).
The gas crossover values obtained for each gas are represented in Fig. 4.7 as a
function of the volume of the incorporated IL cation per final membrane volume.
The first point in each subfigure represents the results for the unmodified Nafion
membrane. It is observed that, with the exception of hydrogen, gas crossover de-
creases with an increase in the volume of the incorporated cation.
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Figure 4.7: Gas crossover of the modified Nafion/IL cation membranes as a function
of the volume of incorporated IL cation per final membrane volume, for the gases
(a) H2; (b) O2; (c) N2; (d) CO2.
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Table 4.4: Reduction in gas crossover for the modified Nafion/IL cation membranes
Gas Gas Crossover, m2 s−1 Reduction in gas crossover





Also, Table 4.4 summarises the gas crossover reduction values obtained in this
work when the H2, O2, N2 and CO2 crossover of a Nafion unmodified membrane
is compared with the crossover of the different Nafion/IL cation membranes stud-
ied, at a temperature of 30 °C. The analysis of Table 4.4 indicates that the Nafion/IL
cation membranes, show consistently lower gas crossover values.
In the case of the gases O2, N2 and CO2, the results suggest that the change in
their crossover behaviour is mainly governed by diffusion mechanisms since gas
crossover decreases with an increase of the volume of the cation incorporated in
the membrane. As previously discussed, the type and amount of cation incorpor-
ated determines the amount and the degree of structuring of the water inside the
membrane and, consequently, its viscosity in these confined environments. Still, it
is observed that the values of CO2 crossover are less affected by diffusion than O2
and N2, probably due to higher solubility effects.
The high crossover of hydrogen through the unmodified Nafion membrane is at-
tributed to its high diffusivity. The change of its crossover with the type and amount
of incorporated cation is difficult to explain supported in these data. Additional




It was shown that the simple methodology used in this work for incorporating dif-
ferent IL cations in Nafion membranes at a controllable degree allowed to obtain
modified membranes with both reduced methanol and gas crossover in compar-
ison with unmodified Nafion membranes.
These results suggest that the reduced methanol crossover obtained for all the
modified Nafion/IL cation membranes is not directly related with the volume occu-
pied by the bulky IL cation, but mainly with the water structuring degree inside the
membrane induced by cation incorporation. The higher structuring of water leads
to a more viscous micro-environment and therefore to a reduced methanol trans-
port through the membrane. The same explanation may be given for the reduced
O2, N2 and CO2 crossover values obtained, in which the results obtained suggest
that the transport of gases through these membranes is mainly controlled by diffu-
sion.
In Chapter 2 it has been shown that the ionic conductivity and the thermal sta-
bility (up to 200 °C) properties of the modified Nafion membranes could also be
tuned according to the type and amount of cation incorporated. In particular, it was
observed a drastic improvement of the thermal stability of the modified membranes
over Nafion in the protonated form, which typically looses water at temperatures
above 80 °C. The promising results obtained in this work in terms of reduction of
methanol and gas crossover represent an evidence of their potential use in DMFCs,
especially at high temperatures. For such applications, it is therefore necessary to
find the best compromise between the resulting electrical properties, the transport
of methanol and gases and the stability at high temperatures.

Chapter 5
Gas Permeation Studies using
Supported Ionic Liquid Membranes
Submitted as: Luísa A. Neves, João G. Crespo, Isabel M. Coelhoso, Gas Permeation Studies using Sup-
ported Ionic Liquid Membranes, Journal of Membrane Science (2010)
5.1 Summary
Room Temperature Ionic Liquids (RTILs) based on the 1-n-alkyl-3-methylimidazolium
cation were immobilised in polymeric membranes, in order to study the potential of
using supported ionic liquid membranes (SILMs) for CO2/N2 and CO2/CH4 gas sep-
arations. Different aspects were investigated, namely: the evaluation of the SILMs
stability using two membrane supports which differ in terms of their hydrophobi-
city; and the effect of using RTILs with cations of different alkyl chain lenght and
also with different anions, on the permeability and selectivity of pure and humid-
ified pure gases as well as gas mixtures. H2, O2, N2, CH4 and CO2 gas permeabil-
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ities were determined and CO2/N2 and CO2/CH4 ideal selectivities were calculated
and compared with data available in the literature described by the Robeson up-
per bound correlation. The effect of the presence of water vapour in different gas
streams of N2, CH4 and CO2 was also studied. Finally, CO2/N2 and CO2/CH4 bin-
ary mixtures (50 % v/v) were prepared and the selectivity obtained was compared
with the ideal selectivity. The results show that the SILMs prepared with the most
hydrophobic support are more stable than those based on the hydrophilic support,
and have a high affinity for CO2 when compared with other gases. This behaviour
was observed both for pure and gas mixtures, at low pressures. The high selectiv-
ity values obtained for CO2 indicate that these SILMs may be considered for CO2
separation processes.
5.2 Introduction
The use of supported liquid membranes (SLMs) for gas/vapor separations has been
widely studied during the last 16 years [14]. In a SLM, the membrane pores are im-
pregnated with a selected solvent, and transport of the permeating species occurs
according to a solution-diffusion mass transfer mechanism. Due to the fact that
the diffusion of species in liquids is faster when compared with diffusion in solids,
it is expected that the permeability across liquid membranes becomes higher than
when using solid membranes. Even though SLMs are considered attractive for gas
separations, their application in industry is still limited mainly due to problems in
their stability and long-term performance. The stability of the impregnated solvent
within the membrane pores may be affected at high temperatures by solvent deple-
tion through evaporation, or due to adverse operating conditions (e.g. the trans-
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Figure 5.1: Typical cations and anions present in imidazolium type of RTILs.
membrane pressure should not be higher than the breakthrough pressure so that
the solvent is not expelled from the membrane pores). One of the most interesting
strategies for improving the stability of SLMs seems to be the use of Room Temperat-
ure Ionic Liquids (RTILs) as the immobilised phase within the pores, due to the fact
that these compounds have a negligible vapour pressure. This feature eliminates the
problem of solvent evaporation that typically occurs in SLMs, allowing for obtain-
ing liquid membranes with a high stability [35, 100–104]. RTILs are compounds that
typically consist of bulky organic cations, and inorganic anions, and have the spe-
cial characteristic of being liquids at room temperature. Some of the typical cations
and anions present in a RTIL are shown in Fig. 5.1. RTILs exhibit a large variety
of properties, such as negligible vapour pressure, thermal stability at high temper-
atures (above 300 °C), and reduced solubility in various solvents which has addi-
tionally made their use as the immobilised phase in Supported Liquid Membranes
(SLMs) very attractive [16, 36, 40, 41].
RTILs have received increasing interest in applications involving carbon dioxide
separations, due to the large solubility of CO2 in selected RTILs [19]. Among the
large diversity of RTILs, those based in the imidazolium cation typically present a
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large solubility for CO2. Additionally, these RTILs based on the imidazolium cation,
may exhibit an even higher solubility for CO2 by selecting an appropriate RTIL an-
ion, which also plays an important role in the gas solubility due to a weak Lewis
acid/base complexation that occurs between CO2 and the RTIL anion [20]. Addi-
tionally, the solubility of CO2 in RTILs is also expected to increase with an increase
in the alkyl chain length of the RTIL cation [105]. In this way, it is possible to design
tailor-made membranes with a defined selectivity for a specific application com-
bining different alkyl chain lengths of the RTIL cation and different anions. Among
the diverse gas mixtures, the most attractive seem to be the CO2/N2 and CO2/CH4
separations, associated respectively with the purification of flue gas streams and
natural gas processes [17].
There are several works available in the literature where supported ionic liquid
membranes were studied for potential applications in gas separations. Scovazzo et
al. [106] determined the pure gas permeability of N2, CH4 and CO2 and the cor-
responding ideal selectivities through a porous hydrophilic polyethersulfone sup-
port with different RTILs immobilised. After representing the data obtained in a
Robeson-plot the authors concluded that these permeabilities/selectivities of SILMs
were competitive or even superior to other membrane materials. The facilitated
transport of CO2 and SO2 through SILMs was studied by Luis et al. [107]. The
permeabilities of air, CO2 and a mixture of SO2/air were measured using different
SILMs, and ideal selectivities were calculated. It was concluded that SILMs can be
very selective to CO2 and SO2. Regarding the separation of CO2/He, Ilconich et
al. [108] determined the pure gas permeability of CO2 and He, and ideal selectiv-
ity and membrane stability at different temperatures, up to 125 °C. The ionic liquid
1-n-hexyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide was immobil-
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ised in two different porous polymeric supports and it was observed that mem-
branes prepared with polysulfone supports were stable at high temperatures. Mixed
gas permeabilities and selectivities for the CO2/CH4 and CO2/N2 gas pairs were de-
termined by Scovazzo et al. [109], and it was observed that the selectivity for a gas
mixture slightly decreases when compared to the ideal selectivity. The CO2/CH4
mixture was also studied by Hanioka et al. [110], where, by using a SLM based on
a task specific ionic liquid for CO2, a highly stable and selective membrane for CO2
separation (during more than 260 days) was obtained.
Despite the large number of publications concerning supported ionic liquid mem-
branes and the examination of their potential for gas separations, there is still a
need for a better understanding of the phenomena taking place. Actually, there is
not a clear understanding of the effect of different membrane supports, with di-
verse chemical nature (typical supports are hydrophilic), on gas permeability and
selectivity when using relevant gas mixtures. The effect of the ionic liquid cation
structure (namely the length of their side alkyl-chain) and the type of ionic liquid
anion are other aspects which have not been investigated. Moreover, in the work
developed by Fortunato et al. [101, 102] it was observed that the presence of wa-
ter influences the stability of SILMs due to formation of water clusters within the
ionic liquid. Therefore, another important aspect that needs to be clarified, which
is not usually taken into account, is the effect of the water vapour content in the gas
stream to be processed, on the selectivity of these SILMs.
This work proposes to investigate the following aspects: 1 - the design of suppor-
ted ionic liquid membranes by immobilisation of different Room Temperature Ionic
Liquids in polymeric membranes; 2 - the evaluation of the stability of the SILMs and
the selection of the best membrane support regarding its nature (hydrophobicity); 3
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Table 5.1: Polymeric porous membranes used as support of SILMs
Membrane Material Pore size, Thickness, Contant angle,
µm µm °
Vericel Hydrophilic 0.20 129 107.2±2.48
(Pall Corporation) PVDF
Millipore Hydrophobic 0.22 125 121.0±0.63
(Millipore Corporation) PVDF
- the effect of using different alkyl chain lengths of the RTIL cation and different an-
ions on gas permeability; 4 – the effect of the presence of water vapour on the sup-
ported ionic liquid membrane performance; 5 – the behaviour of the membranes
designed, for separation of selected gas mixtures, CO2/N2 and CO2/CH4.
5.3 Experimental
5.3.1 Materials
5.3.1.1 Polymeric Porous Membranes
The supported ionic liquid membranes were prepared using two different poly-
meric porous membranes as supporting material, both made of polyvinylidene flu-
oride (PVDF), with a similar pore size but with different chemical nature: one be-
ing hydrophobic (provided by Millipore Corporation, USA) and the other one being
more hydrophilic (provided by Pall Corporation, USA). These membranes are char-
acterized by their high chemical resistance, being previously used in other works as
a supporting material for SILMs [35, 100–102]. The pore size, thickness and contact
angle of these membranes are summarized in Table 5.1. The membrane contact
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angle measurements shown in Table 5.1 were performed with a Krüss drop shape
analysis system (DSA 10-MK2, Krüss, USA).
5.3.1.2 Room Temperature Ionic Liquids (RTILs)
The RTILs based in the immidazolium cation studied in the present work were:
• 1-butyl-3-methylimidazolium hexafluorophosphate ([C4MIM][PF6]);
• 1-octyl-3-methylimidazolium hexafluorophosphate ([C8MIM][PF6]);
• 1-butyl-3-methylimidazolium tetrafluoroborate ([C4MIM][BF4]);
• 1-decyl-3-methylimidazolium tetrafluoroborate ([C10MIM][BF4]),
• 1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide ([C4MIM][Tf2N]).
All RTILs were supplied by Solchemar (Portugal).
These RTILs were selected to study the effect of using different alkyl chain lengths
of the RTIL cation, as well as the effect of different RTIL anions, on the permeability
and selectivity to different gases. Their molecular weight, viscosity, density, water
solubility in the RTIL and RTIL solubility in water are listed in Table 5.2. The vis-
cosity of each RTIL was measured with a viscosimeter (Haake RS 50, Germany), at a
temperature of 30 °C.
5.3.1.3 Gases
The gases used in the experiments were hydrogen (High-Purity Grade (99.999 %), Air
Liquide, France), oxygen (High-Purity Grade (99.999 %), Praxair, USA), nitrogen (In-
dustrial Grade (99.99 %), Praxair, USA), methane (Industrial Grade (99.5 %), Praxair,
USA) and carbon dioxide (High-Purity Grade (99.998 %), Praxair, USA).








































































































































































































































































































5.3.2 Preparation of supported ionic liquid membranes (SILMs)
The procedure to immobilize the RTIL inside the pores of the polymeric membrane
was the following: the membrane was placed inside a desiccator and vacuum was
applied for 1 h, in order to remove air from within the pores and, therefore, allow-
ing the RTIL to be introduced easily in the pores of the membrane. Afterwards, still
under vacuum, drops of RTIL were spread on the membrane surface using a syr-
inge. After this immobilisation procedure, the membrane surface was cleaned with
a paper tissue. The amount of RTIL immobilized in the membrane was determined
gravimetrically, by weighing the membrane before and after immobilisation [101].
5.3.3 Stability of supported ionic liquid membranes (SILMs)
The study of the stability of the SILMs was carried out in the experimental set-
up shown in Fig. 5.2. The SILMs were placed in a dead-end filtration cell (Ami-
con 8010), with an effective membrane area of 3.46 cm2. A pressure up to 2 bar
was applied using nitrogen (N2). To determine their stability, the membranes were
weighed using an analytical balance (Sartorius A.G. Göttingen CP225D, Germany) at
regular periods of time in order to determine the weight decrease, which is assumed
to be related to the loss of RTIL along time. In addition, the flux of N2 through the
membrane was measured using a gas flowmeter (J&W Scientific) connected to the
cell permeate outlet, in order to evaluate the stability of SILMs by following the in-
crease of flow with the applied pressure.
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Figure 5.2: Experimental set-up to evaluate the stability of the SILMs.
5.3.4 Gas permeation experiments
5.3.4.1 Single gas permeability
The pure gas permeability of the supported ionic liquid membranes for H2, N2,
O2, CH4 and CO2 was determined using the experimental apparatus shown in Fig.
5.3a. This rig is composed by a stainless steel cell with two identical compartments
separated by the supported liquid membrane. The effective membrane area was
15.9 cm2. Each individual gas permeability was evaluated by pressurizing both com-
partments (feed and permeate) with a single gas, and after opening the permeate
outlet, a driving force of around 0.7 bar between the feed and the permeate com-
partments was established. The pressure change in both compartments over time
was followed using two pressure transducers (Druck, PDCR 910 models 99166 and
991675, England). All measurements were performed at constant temperature, 30 °C,
using a thermostatic bath (Julabo, Model EH, Germany). Also, the membrane weight
was measured using an analytical balance (Sartorius A.G. Göttingen CP225D, Ger-
many), before and after the gas permeation experiments, in order to evaluate the
stability of these membranes.
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Figure 5.3: Experimental set-up for measuring the permeability of the SILMs (a) for
a single gas, (b) for mixed gas/water vapour, and (c) for gas mixtures. TC - Tem-
perature Controller; HI - Humidity Indicator; PI - Pressure Indicator; GC-TCD – Gas
Chromatograph - Thermal Conductivity Detector.
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5.3.4.2 Humidified gas permeability
In order to evaluate the effect of water vapour content in a gas stream, humidified
gas permeability experiments were carried out. Fig. 5.3b shows the mixed gas water
vapour permeation set-up designed for these measurements. A gas/water vapour
mixture is generated by sparging a selected gas in a reservoir filled with water, which
is maintained at a set-point temperature using a thermostatic bath (Haake, model
C10, Germany). Then, this gas stream enriched in water vapour enters in both com-
partments of the permeation cell. The permeation cell is the same as used in the ex-
periments which determined the permeability of SILMs to pure gases, shown in Fig.
5.3a. The gas/water vapour permeability was determined by pressurizing the feed
compartment (up to 0.7 bar) with the humidified gas followed by the measurement
of the pressure change in both compartments over time, using two pressure trans-
ducers. The gas stream humidity before entering in the feed compartment and in
the output permeate stream was determined using an humidity indicator (HMI41
Indicator and HMP42 Probe, Vaisala, Finland), which uses an operating principle
based on changes in the capacitance of the sensor as its thin polymer film absorbs
water molecules in the atmosphere or in an environment with other gases. These
measurements were performed at a constant temperature of 30 °C. The effect of the
water vapour present in the pure gases (N2, CH4 and CO2) on their permeability
and on the selectivity towards CO2/N2 and CO2/CH4 gas pairs was determined. The
membrane stability was evaluated gravimetrically, weighing the membrane before
and after each experiment.
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5.3.4.3 Gas mixture permeability
Mixed-gas permeation measurements were performed in the experimental set-up
shown in Fig. 5.3c, at a constant temperature of 30 °C, for CO2/N2 and CO2/CH4 bin-
ary mixtures using equal partial pressures of both gases. Gas mixture tests were per-
formed by mixing the required gases before entering the feed compartment. Then,
the gas mixture was admitted in both compartments of the permeation cell, which
was the same as used in the previous experiments. The gas mixture permeability
was determined by pressurizing the feed compartment (up to 0.7 bar) with the gas
mixture, following the pressure change in both compartments over time using two
pressure transducers. Samples from the feed and permeate compartments were col-
lected in the beginning and at the end of the experiment, and their gas composition
analysed in a Trace GC Ultra, Thermo Electron Corporation, USA, with a TCD de-
tector and a CarboxenTM 1010 PLOT fused silica capillary column, Supelco, USA.
5.3.5 Calculation methods
The permeability of a pure gas through a membrane is calculated from the pres-
sure data obtained from both compartments (feed and permeate) shown in Fig. 5.3
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where p f eed and pper m are the pressures in the feed and permeate compart-
ments (Pa), respectively, P is the membrane permeability (m2 s−1), t is the time (s),
and l is the membrane thickness (m). The geometric parameter β (m−1) is charac-
teristic of the geometry of the cell shown in Fig. 5.3, and is given by









where A is the membrane area (m2), and V f eed and Vper m are the volumes of
the feed and permeate compartments (m3), respectively. The data can be plotted as
1/β · ln(∆p0/∆p) versus t/l, and the gas permeability values are obtained from the
slope of this representation.
The ideal selectivity (αA/B ) can be determined by dividing the permeabilities
of two different pure gases (A and B). The selectivity can also be expressed by the
solubility (S) and diffusion (D) contribution of each gas:
αA/B = P A
PB
= S A D A
SB DB
(5.3)
In the gas mixture experiments, the selectivity (αA/B ) is given by the equation:
αA/B = y A/xA
yB /xB
(5.4)
where y A and yB are mole fractions of gases A and B in the permeate compart-
ment, respectively, and xA and xB are mole fractions of gases A and B in the feed
compartment, respectively.
5.4 Results and Discussion
5.4.1 Stability of SILMs
In order to assess the stability of the SILMs developed and to proceed to the se-
lection of the best membrane support, different RTILs were immobilised within
two distinct polymeric membranes – hydrophilic PVDF and hydrophobic PVDF. The
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Figure 5.4: Relative membrane weight in (a) hydrophilic, and (b) hydrophobic mem-
branes immobilized with different RTILs as a function of time. Applied pressure
difference: 1 bar.
membrane weight as a function of time is represented in Fig. 5.4a and Fig. 5.4b, for
the different RTILs immobilized in the hydrophilic and hydrophobic membranes,
respectively, for a N2 applied pressure of 1 bar. It is assumed that the membrane
weight loss is only due to the loss of the RTIL immobilised within the membrane
material.
In Fig. 5.4a and 5.4b a different behaviour is observed regarding the membrane
weight as a function of time for situations where the RTILs are immobilised either
in a hydrophilic or in a hydrophobic support. For the hydrophilic support it is ob-
served a sharp initial decrease of weight, followed by a less pronounced weight loss,
never reaching a stable value, at least for the time periods studied and for the ap-
plied pressure difference of 1 bar. Regarding the hydrophobic support, an initial de-
crease of weight is observed, which may be mainly associated to a removal of excess
of RTIL at the surface of the membrane, followed by a stabilisation in the amount
of RTIL within the membrane pores. Also, the hydrophilic membrane looses more
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RTIL (11–13 %) than the hydrophobic one (1.5-7 %), at 1 bar of applied pressure.
During these experiments, the flux of N2 was also measured (results not shown)
and, with the exception of the hydrophilic membrane immobilised with the ionic
liquid [C8MIM][PF6], the N2 flux was very low (less than 0.01 mL/min). Since this
ionic liquid is the most hydrophobic one, the high value of membrane weight loss
and N2 flux observed may be due to a possible weak interaction between the hydro-
philic membrane support and the hydrophobic ionic liquid resulting in the fact that
the membrane pores may not be completely filled with the RTIL.
The results shown in Fig. 5.4a and Fig. 5.4b also suggest that the membranes
immobilized with the ionic liquid [C4MIM][Tf2N] seem to be more stable, since they
present a lower value of weight loss and achieve a stable weight more rapidly. In
order to further explore these observations, Fig. 5.5a and Fig. 5.5b represent the
membrane weight loss as a function of time for different applied pressures (up to
2 bar) for, respectively, the hydrophilic and hydrophobic membranes immobilized
with [C4MIM][Tf2N].
In Fig. 5.5 a decrease in the membrane weight is observed for the hydrophilic
support for all the applied pressure differences. However at 2 bar this decrease is
even more drastic indicating a possible SILM failure due to the loss of RTIL. Regard-
ing the hydrophobic support, even though in the first hour a slight decrease in the
membrane weight is observed, it reaches afterwards a stable value for pressures dif-
ferences up to 1.5 bar. However, at 2 bar a severe decrease in the membrane weight
was observed. This pressure value may have exceeded the breakthrough pressure
associated to the surface tension of the RTIL within the membrane pores.
Even though the differences regarding the nature of support, in terms of their
hydrophobicity, are not very large, as can be observed in the contact angles val-
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Figure 5.5: Relative membrane weight in (a) hydrophilic, and (b) hydrophobic mem-
branes immobilized with [C4MIM][Tf2N] as a function of time, for different applied
pressures.
ues present in Table 5.1, all results indicate that the SILMs based on the more hy-
drophobic support are more stable than those based on the hydrophilic support.
Therefore, the subsequent experiments presented in this paper concern only the
hydrophobic support.
5.4.2 Single gas permeation results
The effect of using distinct RTIL cations of different alkyl chain length, and dis-
tinct anions, on the membrane permeability and selectivity was studied for the pure
gases H2, O2, N2, CH4 and CO2. In the gas permeation experiments, a maximum
weight loss between 0.01 % and 0.05 % was obtained for all membranes tested. These
low values indicate that these membranes retained the RTIL immobilised and that
they may be considered stable at the tested pressure difference (0.7 bar).
As previously mentioned, all the permeability values were calculated according
to Equation 5.1, taking into account the pressure data from the feed and permeate
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Figure 5.6: Permeability of the SILMs as a function of the gas Lennard-Jones dia-
meter.
compartments, the thickness of the membrane and the geometry of the cell used.
5.4.2.1 Effect of the RTIL cation
The permeability of the SILMs prepared with the hydrophobic support and four dif-
ferent RTILs was measured for the different gases. The RTILs studied were
[C4MIM][PF6], [C8MIM][PF6], [C4MIM][BF4] and [C10MIM][BF4]. These RTILs were
selected in order to study which is the effect on the gas permeability of using ionic
liquids having the same anion (in this case [BF4]- and [PF6]
– ) but different alkyl
chain lengths of the imidazolium cation. The permeability obtained for the differ-
ent SILMs is represented in Fig. 5.6 as a function of the Lennard-Jones diameter of
each gas [45, 112].
In polymeric membranes, the high permeability values observed for H2, which
is a small molecule, are normally attributed to its high diffusivity, while the high per-
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meability towards CO2 is normally attributed to its high solubility due to a stronger
interaction with the polymer matrix. Regarding the low permeability of N2 it may be
attributed to its relatively low diffusivity and low solubility [99]. The same trend of
permeability values was observed for the SILMs tested: PCO2 >PH2 > PO2 >PN2 >PCH4 .
The variation of the permeability for the different gases studied, with the num-
ber of carbons of the imidazolium cation, for the anions [BF4]
– and [PF6]
– , is rep-
resented in Fig. 5.7.
An increase in the permeability values with an increase in the alkyl chain length
of the RTIL cation is observed for all gases studied (H2, O2, N2, CH4 and CO2) and
for both RTIL anions ([BF4]
– and [PF6]
– ).
The relation P = D×S, where P is the gas permeability, and S and D are, respect-
ively, the solubility and diffusivity of the gases in the RTIL, enables the determina-
tion of one of them if the other may be estimated. Morgan et al. [113] developed a
correlation for the diffusivity of gases in imidazolium ionic liquids at 30 °C which is
shown in Equation 5.5,





where D12 is the diffusivity of gases in RTILs (cm2 s−1), µ2 is the RTIL viscosity
(mPa s) at 30 °C, and V1 is the gas molar volume (cm3 mol−1). Assuming that gas
transport occurs only through the RTIL, an estimation of the gas solubility can be
obtained with the values of the gas permeability obtained experimentally (P ) and
estimating D by Equation 5.5. Table 5.3 shows for each pure gas, the effect of the
alkyl chain length of the RTIL cation, on the experimental permeabilities measured.
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Figure 5.7: Gas permeability of the SILMs prepared with the hydrophobic support
and the RTILs [C4MIM][PF6], [C8MIM][PF6], [C4MIM][BF4], [C10MIM][BF4], as a
function of the number of carbons of the imidazolium cation (a) H2; (b) O2; (c) N2;
(d) CH4; and (e) CO2.
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the respective anions [PF6]
– and [BF4]
– , are shown. Additionally, Table 5.3 shows
also a similar analysis for the diffusivity ratios (calculated with equation 5.5) and for
the solubility ratios, determined by dividing the experimental permeability values
by the calculated diffusivities.
It is observed, from the analysis of Table 5.3, that gas permeability increases ap-
proximately by a factor of 2 with an increase in the cation alkyl chain length, for both
anions ([PF6]
– and [BF4]
– ). An exception appears to be the CH4 permeability ob-
tained for the anion [PF6]
– . Additionally, when estimating the diffusivities by Equa-
tion 5.5, a decrease by a factor close to 2 was obtained, due to higher viscosity of the
corresponding RTILs. Therefore the resulting estimated solubility has to increase by
a factor of 4, in order to explain the experimentally determined permeability values.
These results are extremely interesting because they show that, even though the gas
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Figure 5.8: Permeability of the SILMs prepared with the hydrophobic support and
the RTILs [C4MIM][Tf2N], [C4MIM][BF4], [C4MIM][PF6], as a function of the RTIL
viscosity.
diffusivity decreases for the more viscous RTILs, a comparatively higher increase
in solubility leads to an overall increase in permeability. Therefore, solubility effects
seem to play a more important role in the transport of gases, for RTILs with different
cation alkyl chain lengths. Additionally, it is interesting to notice that this solubility
effect seems to be identical for all gases studied.
5.4.2.2 Effect of the RTIL anion
The effect of using RTILs based on the [C4MIM]




– ) was also evaluated. The permeability of SILMs is rep-
resented as a function of the RTIL viscosity as shown in Fig. 5.8. For all gases stud-
ied, the permeability is always higher for the RTIL that contains the [Tf2N]
– anion,
which leads to the lowest RTIL viscosity.
Following the same approach used before (Table 5.3), in Table 5.4 it is shown the
impact of the RTIL anion on each gas permeability, diffusivity and solubility. More
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specifically, the ratios obtained for the pair [Tf2N]
– /[BF4]
– are shown in this table.
It is observed that the solubility ratio for the non-interacting gases (H2 and O2)
is very close to 1 and, therefore, for these gases the slight change observed in their
permeability can be totally attributed to a decrease of their diffusivity. For more
strongly interacting gases, such as N2 and CO2, their solubility is more affected, and
the resulting permeability ratio clearly exhibits this dependence. It is interesting to
notice, in contrast with the analysis of the effect of the RTIL cation alkyl length, how
different anions impact differently on the solubility of the various gases, with the
corresponding effect on their permeability.
It is also noticed that for the three RTILs tested, the gas permeability decreases
in the order as observed in Fig. 5.6: PCO2 >PH2 > PO2 >PN2 >PCH4 . The fact that, for all
SILMs studied, the permeability of CO2 is more than one order of magnitude higher
than that of N2 and CH4, opens the possibility of using these membranes for CO2
separations.
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Table 5.5: Ideal Selectivities (CO2/N2 and CO2/CH4) obtained for the tested SILMs








Table 5.5 shows the CO2/N2 and CO2/CH4 ideal selectivities for the membranes
tested. The ideal selectivity was calculated taking into account the ratio of the per-
meabilities of pure gases (Equation 5.3). It was observed that the selectivity of SILMs
towards CO2 was very high when compared to that of N2 and CH4.
In order to compare the ideal selectivities obtained in this study with data avail-
able in the literature, the (CO2/N2 and CO2/CH4) selectivity as a function of the CO2
permeability is represented in Fig. 5.9.
In Fig. 5.9a it is also represented the present upper bound correlation for CO2/N2
separation and in Fig. 5.9b it is represented the present as well as the prior up-
per bound correlations for CO2/CH4 separation. These upper bound correlations
were obtained by Robeson et al. [12] from data available in the literature. Therefore,
data points above this line may be considered as an improvement over the results
published so far. Regarding the CO2/N2 separation (Fig. 5.9a), it is observed that
the results obtained in this work are generally bellow those available in the literat-
ure. However, for one specific SILM – the hydrophobic support immobilised with
[C4MIM][Tf2N] – the result obtained is close to those of other SILMs from the liter-
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Figure 5.9: (a) CO2/N2 selectivity as a function of CO2 permeability, and
(b) CO2/CH4 selectivity as a function of CO2 permeability (1 Barrer =
10−10 cm3 (STP)cm cm−2 s−1 cmHg−1).
ature [106, 109] and close to the Robeson upper bound correlation. Regarding the
CO2/CH4 separation, all results obtained in this work are clearly above the upper
bound.
5.4.3 Gas streams containing water vapour
It is known that the performance of supported ionic liquid membranes is affected
by the presence of water [101, 102]. Therefore, the effect of water vapour in gas
streams of CO2, N2 and CH4 was determined and compared with the permeability
obtained with pure gases. The RTILs selected were [C4MIM][PF6], [C4MIM][Tf2N],
and [C8MIM][PF6], because the hydrophobic membranes immobilized with these
RTILs exhibit higher values of ideal selectivity for CO2/N2 and CO2/CH4 (see Table
5.5). Although the hydrophobic support immobilised with [C4MIM][BF4] also presents
high values of ideal selectivity, this RTIL was not include in this study because it is
completely miscible in water.
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Figure 5.10: CO2, N2 and CH4 gas permeability as a function of the gas humid-
ity content for the hydrophobic support immobilized with (a) [C4MIM][PF6], (b)
[C4MIM][Tf2N], and (c) [C8MIM][PF6].
The CO2, N2 and CH4 gas permeabilities as a function of the gas humidity con-
tent (w/w) for the hydrophobic support immobilized with [C4MIM][PF6],
[C4MIM][Tf2N], and [C8MIM][PF6] are shown in Fig. 5.10, where 0 % gas humidity
content corresponds to the pure gas permeability measured, while values close to
2 % correspond to the gas humidity content (mass of water vapour/ mass of dry gas)
obtained at 30 °C, using the experimental procedure previously described in section
5.3.4.2.
For all SILMs and gases tested (CO2, N2 and CH4) an increase in the permeability
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with an increase in the gas humidity content is observed. Considering that the same
supporting membrane is used, and the only variable is the water vapour content of
the gas stream, these results indicate that the observed increase in gas permeabil-
ity should be only associated to an increase in the water content of the ionic liquid.
The formation of water micro-domains inside the ionic liquid provides a new en-
vironment for the transport of gases which is less selective than the “dry” RTIL en-
vironment used previously. On the other hand, the various gases will diffuse more
rapidly through these less selective aqueous micro-domains than through the RTILs
environment, which are much more viscous.
It can also be observed that, for each RTIL, the permeability of CH4 is more af-
fected by the presence of water vapour (permeability values increase between 4.2 to
6.4 times), when comparing with the permeabilities towards N2 (which values in-
crease between 3.2 to 4.8 times) and CO2 (which values increase between 2.3 to 3
times). These results suggest that the water vapour content has a more important
effect on the permeability of gases more affected by diffusion (CH4), in contrast with
gases whose permeability is essentially controlled by solubility (CO2).
The results obtained seem also to indicate that gas permeability increases more
for the most hydrophilic RTILs [114] ([C4MIM][PF6]>[C4MIM][Tf2N]>[C8MIM][PF6]).
To better understand this effect, the increase in the permeability values (ratio between
the humidified gas permeability, PH , and the pure gas permeability, P0) for the dif-
ferent SILMs studied is shown in Table 5.6. This behaviour may be expected because
more hydrophilic RTILs can absorb higher amounts of water, at faster rates, leading
to larger water clusters, which will allow higher diffusivities of the gases.
A comparison between the CO2/N2 and CO2/CH4 ideal selectivities obtained
with both dry and humidified gases is shown in Table 5.7. It can be observed that
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Table 5.6: Ratio (PH /P0) between the humidified gas permeability, PH , and the pure
gas permeability, P0, for the different SILMs
Membrane support RTIL CH4 N2 CO2
Hydrophobic
[C4MIM][PF6] 6.4±0.02 4.8±0.04 3.0±0.02
[C4MIM][Tf2N] 5.0±0.02 3.7±0.01 2.5±0.01
[C8MIM][PF6] 4.2±0.01 3.2±0.08 2.3±0.01
Table 5.7: CO2/N2 and CO2/CH4 ideal selectivities obtained with dry and humidi-
fied gases
RTIL CO2/N2 CO2/CH4
Dry Humidified Dry Humidified
[C4MIM][PF6] 23±0.5 14±0.4 228±1.5 107±2
[C4MIM][Tf2N] 39±0.1 26±0.3 187±1.7 92±3
[C8MIM][PF6] 23±0.5 16±0.5 105±1.5 57±1.2
for all the SILMs the selectivity CO2/N2 and CO2/CH4 decreases for the humidified
gases. As previously discussed, this decrease in selectivity can be attributed to the
formation of water clusters, which constitute a less selective microenvironment for
the transport of gases. The CO2/N2 selectivity for the humidified gases is lower due
to the fact that the permeability of N2 is more affected than that of CO2 when the
gas stream is enriched with water vapour, and therefore the ratio of permeabilities
(selectivity) decreases. The same behaviour is observed for the CO2/CH4 selectivity.
It is also possible to observe that this variation in selectivity is more significant for
the less hydrophobic ionic liquids, in this case the RTIL [C4MIM][PF6].
This study shows that, even though SILMs are selective for CO2, it is important
to take into consideration the water content in the gas stream to be processed, and
strategies for its prior removal if necessary. It has been shown that the water content
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increases gas permeability but at the same time decreases selectivity. Therefore, in
a long-term operation, it will affect the membrane stability due to water absorption
by the RTIL, unless specific actions for water removal are taken.
5.4.4 Gas mixture permeation results
Gas mixture permeation experiments were carried out in order to measure gas per-
meabilities and determine the selectivities CO2/N2 and CO2/CH4 in gas mixtures,
and also to compare these results with the experiments performed with pure gases.
The RTILs studied were [C4MIM][PF6], [C4MIM][BF4], [C4MIM][Tf2N], and
[C8MIM][PF6] because, as previously mentioned, the membranes immobilized with
these RTILs exhibit higher values of CO2/N2 and CO2/CH4 ideal selectivities (please
see Table 5.5).
A comparison between the CO2/N2 and CO2/CH4 selectivities obtained with
pure gases (the so called ideal selectivities), with those obtained with mixed gases
is shown in Table 5.8. It can be observed that, for all the SILMs, the selectivity to-
wards CO2/N2 and CO2/CH4 obtained with gas mixtures is lower than that obtained
with pure gases. Even though a decrease in the mixed-gas selectivity is observed
when compared with the ideal selectivity, this variation is not significant. These
results, necessary for process design, agree with observations reported by other au-
thors [115], confirming that at low transmembrane pressure mixed-gas and ideal
selectivities do not differ significantly.
The CO2/N2 and CO2/CH4 mixed-gas selectivity obtained as a function of the
CO2 permeability is shown in Fig. 5.11. For comparison purposes, ideal selectivities
obtained in this work, as well as data available in the literature, are also included in
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Table 5.8: CO2/N2 and CO2/CH4 ideal and mixed-gas selectivities obtained for the
tested SILMs
RTIL CO2/N2 CO2/CH4
Ideal Mixed-gas Ideal Mixed-gas
[C4MIM][PF6] 23±0.5 20±1.6 228±1.5 200±1.5
[C4MIM][BF4] 35±0.2 32±0.1 113±1.6 102±0.6
[C4MIM][Tf2N] 39±0.1 30±0.5 187±1.7 161±0.5
[C8MIM][PF6] 23±0.5 21±0.5 105±1.5 98±0.5
the same figure. It is important to mention that both the pure and mixed-gas CO2
permeabilities were obtained experimentally using two different analytical meth-
ods, one by the pressure decay method and the other using GC-TCD analysis, re-
spectively, as explained in section 5.3.4. Even though two different methods were
used, similar CO2 permeability values were obtained.
A small decrease in the selectivity of mixed-gases compared to pure-gases, shown
in Fig. 5.11, results also from a small decrease in CO2 permeability when a gas-
mixture is used. Even though the mixed-gas selectivities are slightly lower than the
ideal selectivities for the SILMs tested, the analysis of Fig. 5.11 is similar to that of
Fig. 5.9. For the CO2/N2 separation (Fig. 5.11a), the results obtained in this work are
still located below the present Robeson upperbound. Regarding the CO2/CH4 sep-
aration (Fig. 5.11b), all the results obtained in this work are clearly above the upper
bound, even when using gas mixtures, which represents a clear improvement.
For both separations (CO2/N2 and CO2/CH4) the SILM membrane that exhib-
ited the best performance was the one with [C4MIM][Tf2N] immobilised in the hy-
drophobic support. This RTIL is the one with a lower viscosity and also with the
highest affinity for CO2, when comparing with [C4MIM][PF6] and [C4MIM][BF4]
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Figure 5.11: (a) CO2/N2 selectivity as a function of CO2 permeability, and
(b) CO2/CH4 selectivity as a function of CO2 permeability (1 Barrer =
10−10 cm3 (STP)cm cm−2 s−1 cmHg−1).
[116]. Further improvement of SILMs for CO2 separation shall involve the use of
ionic liquids that present low viscosities in order to facilitate gas diffusion and high
solubility for CO2.
5.5 Closure
It has been shown that the supported ionic liquid membranes prepared with room
temperature ionic liquids (RTILs) based on the 1-n-alkyl-3-methylimidazolium cation
are stable, especially those based in the most hydrophobic support, possibly due to
a better chemical affinity between the RTILs and the supporting membrane.
The effect of using different alkyl chain lengths of the RTIL cation, as well as dif-
ferent anions, on the pure gas permeability was studied. An increase in the gas per-
meability with an increase in the alkyl chain length of the RTIL cation was observed
for all gases studied. The results obtained may be explained by solubility effects that
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become more relevant as the alkyl chain length of the RTIL cation increases. The ef-
fect of using different RTIL anions on the permeability of gases was also evaluated
and a decrease in permeability was observed with an increase of the RTIL viscosity.
In this case, diffusivity effects seem to dominate for non-interacting gases (H2 and
O2) while solubility effects dominate when more interacting gases (N2 and CO2) are
used.
The pure gas permeation results have also show that the SILMs used in this
work are extremely selective to CO2 when compared with N2 and CH4. Moreover,
small differences were observed in the gas mixtures permeabilities and selectivit-
ies for CO2/N2 and CO2/CH4 when compared with ideal ones at the low pressures
tested, which may indicate a potential application of using SILMs for selective re-
moval/recovery of CO2 from gas stream. All results suggest that SILMs are select-
ive for CO2 separations, especially for CO2/CH4 separations where the results ob-
tained in this work are above the ones reported (Robeson upper bound correlation).
Still, an important parameter that it is necessary to take into account is the pres-
ence of water vapour in the gas stream. The results shown in this work indicate that
the presence of water vapour in a gas stream increases the SILMs gas permeability
but decreased their CO2/N2 and CO2/CH4 selectivity significantly, when comparing
with a dry gas stream. This decrease in selectivity is due to the formation of water
clusters inside the membrane, being this effect more significant for the less hydro-
phobic RTILs.
Chapter 6
Conclusions and Future Work
Similarly to the thesis structure, its achievements and conclusions may be divided
in two different sections: the study of the incorporation of ionic liquid cations in
Nafion membranes and their characterisation; and the study of the immobilisation
of ionic liquids in porous membranes and gas permeation studies.
6.1 Study of the incorporation of ionic liquid cations in
Nafion membranes and their characterisation
In this thesis a new approach for modifying Nafion membranes with ionic liquid
cations was developed, as well as the procedure followed to determine their prop-
erties, identified as most important for an a-priori characterisation of the modified
Nafion membranes.
The method developed for incorporating ionic liquid cations in Nafion mem-
branes at a controllable degree allowed obtaining tailor-made membranes, and an
effort in this thesis was made for understanding the physicochemical properties
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of these modified membranes with different degrees of incorporated cation. The
quantification of the incorporation degree with time was made possible by perform-
ing measurements of the pH and of the conductivity of the solution that contains the
ionic liquid cation before and after contacting with the Nafion membrane. In the
different studies performed, the starting membrane was always a Nafion-112 mem-
brane in the protonated form. At equilibrium, the incorporation degree obtained
was also found to be dependent from the type of IL cation studied and whether an
aqueous solution was necessary to be prepared for its incorporation in the mem-
brane according to the source of IL cation (solid or liquid at room temperature).
A validation on whether the IL cations were indeed incorporated inside the Nafion
membrane was made by XPS (X-ray photoelectron spectroscopy). This technique
was used as “ex-situ” to follow the incorporation of the IL cation, and the results
obtained were in agreement with the ones obtained with the measurements of pH
and conductivity. Additionally, when the modified Nafion membranes were in equi-
librium, the distribution of the IL cations in the membrane surface layer (between
2.5 nm and 9.3 nm) was evaluated using XPS, and the results suggested a uniform
cation distribution inside the membrane.
Electrical Impedance Spectroscopy (EIS) measurements were performed to eval-
uate the evolvement of the electric properties of the modified membranes with the
cation incorporation degree. EIS was used as an “in-situ” monitoring technique
to study the incorporation of the IL cations inside Nafion. The membrane res-
istance and capacitance for each modified Nafion membrane was determined by
using mathematical models of equivalent electrical circuits, and it was found that
these electrical parameters were strongly dependent from the type and incorpora-
tion degree of the IL cation incorporated. In a first analysis, the membrane resist-
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ance increases with an increase in the concentration of the IL inside the membrane
structure, and when comparing different membranes in equilibrium, the membrane
resistance seemed to be dependent of the size of the IL cation incorporated. For
some membranes such as Nafion/DTA+ and Nafion/CTA+ it was possible to estim-
ate a proton mobility value, and it was observed that the proton mobility decreases
with an increase in the alkyl chain length of the IL cation incorporated. However, for
the other membranes studied, Nafion/TMPA+, Nafion/BMIM+ and Nafion/OMIM+,
the membrane resistance and consequently the proton mobility was not possible
to determine by EIS. In this case, the results were compared with a similar system
Nafion-112/HCl and an indication that the Nafion/TMPA+ membrane apparently
shows a higher ionic conductivity was obtained.
However, the discussion towards the results obtained regarding the modified
Nafion/IL cation membranes electric properties should not be only restricted to the
size of the IL cations incorporated. One important parameter, or perhaps the most
important one, when studying these modified Nafion/IL cation membranes is the
presence of water and its degree of structuring. All the membranes, with the ex-
ception of Nafion/TMPA+, have a high water content after IL cation incorporation.
The rate of water loss with increasing temperatures, up to 210 °C, was determined
by thermogravimetric analysis, and for all the modified Nafion membranes higher
ability for water retention was obtained when compared with an unmodified Nafion
membrane. The ease with which the membranes loose their water content was
directly related with their water degree of structuring. The modified Nafion mem-
branes seems to have a higher degree of water structuring, possibly due to the fact
that the water present is deeply involved in solvation of the IL cation, resulting in
more stable membranes. In fact, the stability of modified Nafion/IL cation mem-
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branes when compared with an unmodified Nafion membrane at high temperat-
ures was also confirmed by a different characterisation technique - proton NMR re-
laxometry. The Nafion/TMPA+ membrane apparently was again the most attractive
membrane, due to its stability at high temperatures. Even though the ionic conduct-
ivity of this membrane is higher and it is much more stable at high temperatures
than all the membranes studied, it was necessary to determine whether the proton
mobility is affected by this modification.
Different molecular motions inside the modified membranes were assessed through
proton NMR relaxometry studies, as well as indications of the proton mobility within
the membrane structure. Nafion/IL cation membranes may have two distinct en-
vironments, regarding their levels of confinement which includes not only different
sizes of cavities but also different degrees of structuring of the protons associated
either with the IL cations and water. Unlike what was observed with the EIS meas-
urements, where it was not possible to estimate a proton mobility value for all the
membranes studied, using NMR relaxometry studies, a diffusion coefficient of all
the protons present in the membrane for all the membranes was possible to be es-
timated. The proton mobility values obtained by EIS can not be directly compared
with the self-diffusion coefficient obtained by NMR relaxometry. In one case, the
proton mobility given by EIS measurements is obtained for an electric potential dif-
ference of 0.01 V (Table 2.3), and in the case of NMR studies it is obtained a self-
diffusion coefficient of all the protons in the absence of an electric field (Table 3.3).
Assuming that an electric charge of 1 volt is applied to the modified membrane,
and comparing the results shown in both tables (2.3 and 3.3), and considering that,
by NMR measurements a global diffusion coefficient is obtained, the values de-
termined by both characterisation techniques are in the same order of magnitude.
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By doing this exercise, and considering the diffusion coefficient value obtained by
NMR for the Nafion/TMPA+ membrane, it is observed that even though its stabil-
ity at high temperatures is very attractive, the water within the membrane must be
highly structured in such a way that the proton mobility is reduced by one order of
magnitude when compared with the other membranes studied.
The modification of Nafion membranes by incorporation of IL cations intro-
duces in the membrane certain characteristics that may make their potential use
in fuel cells very attractive. On the one hand membranes with a high stability at
high temperatures are obtained, and this stability is a result of a higher water de-
gree of structuring; and on the other hand, by changing the type of IL cation as well
as the degree of incorporation it is possible to obtain membranes with an proton
mobility that may be sufficient for fuel cells applications. A possible application for
these membranes may be in direct methanol fuel cells. The methanol crossover ob-
tained for these modified membranes was reduced between 60 to 600 times, when
compared with a Nafion membrane in the protonated form. Additionally, the trans-
port of typical gases that may be present in a methanol fuel cell or in a hydrogen
fuel cell is clearly reduced in these modified membranes. This reduction in both the
methanol and gas crossover is also directly related with the water structuring inside
the membrane after the introduction of the IL cations.
The first part of this thesis shows that it is possible to design Nafion membranes
incorporated with IL cations, at controllable degrees. The introduction of the IL
cations has implications in its water content and respective water structuring. This
modification in the water structuring will have direct influence in the electric prop-
erties, proton mobility, methanol crossover, gas crossover and the increase in sta-
bility at high temperatures of these modified membranes. However, the work de-
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veloped in this thesis was not sufficient to clearly answer to the question if these
modified Nafion/IL cation membranes can be used in fuel cells applications. In or-
der to accomplish this objective it is necessary to find the best compromise between
the stability at high temperatures, the reduction in the methanol or other gases
transport and possible reductions in the proton mobility, and testing these mem-
branes in a “real fuel cell” at high temperatures to evaluate their “real” potential.
6.2 Study of the immobilisation of ionic liquids in por-
ous membranes and gas permeation studies
The work developed in the second part of this thesis allowed to evaluate the po-
tential of using SILMs for gas separations, more specifically for CO2/N2 and for
CO2/CH4 separations.
The importance of the nature of the support used in the preparation and sta-
bility of supported ionic liquid membranes (SILMs) was determined, and one of
the main observations was that the more hydrophobic support leads to more stable
membranes.
Supported liquid membranes prepared with room temperature ionic liquids
(RTILs) based on the 1-n-alkyl-3-methylimidazolium cation proved to be very se-
lective to CO2, in comparison with other gases, such as N2 and CH4. In particular,
the results for CO2/CH4 separations obtained in this work are clearly above the ones
obtained in the literature, either using pure gas or gas mixtures. In this thesis, more
than determining the gas permeability values, an effort was made for understand-
ing how different alkyl chain lengths of the RTIL cation or different anions used may
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influence the permeability behaviour. Since the estimated solubility results indic-
ated that the gas solubility is more affected by the different RTIL anions used, than
with different alkyl chain length of the RTIL cation, one possible indication is to
select RTILs anions with a high selectivity for CO2. The diffusivity in also an import-
ant contribution for the permeability of the gases so, it is necessary to select RTILs
which present a low viscosity.
An important factor that was also considered in this study was the influence of
the humidified gas streams on the permeability and selectivity of SILMs. The res-
ults show that the gas permeability increases but the selectivity was clearly affected.
Therefore, in a long-term operation, it may affect the membrane integrity due to
water absorption by the RTIL, unless specific actions for water removal are taken.
Future research should focus on the study of the stability, permeability and se-
lectivity of these SILMs at experimental conditions more close to the ones used in
gas separation processes, namely pressure, temperature and gas composition.
6.3 Suggestions for Future Research
The results of this study can be improved and extended in several ways. The follow-
ing recommendations for future work can be proposed.
Firstly, the Proton NMR relaxometry technique used for the work developed in
this thesis can be further explored. Different measurements of T1 (spin-lattice relax-
ation time) at different values of frequency should be performed for modelling pur-
poses; especially measurements at low frequencies in order to try to estimate differ-
ent sizes of cavities inside the membrane. Therefore, Proton NMR relaxometry can
be used as tool for determining different clusters size, and in this way to understand
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how the incorporation of IL cations influences the membrane microstructure, either
with different concentration and/or different types of IL cation structure. It would
be also interesting to repeat all the measurements performed with the NMR relax-
ometry, but in a presence of an electric field, to be able to estimate proton mobility
values more comparable with the ones obtained with EIS. Moreover, additional ex-
periments with deuterated water could help in the identification and discrimination
of individual contributions of the protons associated with the IL cation or associated
with the water present in the membrane and in this way, the diffusion coefficient or
proton mobility determined could be ascribed to a specific group of protons. Mo-
lecular Dynamics studies could additionally help in obtaining a deeper insight on
the microscopic phenomena taking place within the membrane material.
In order to evaluate the water degree of structuring inside the membrane and to
confirm all the assumptions made in this thesis, Fourier Transform Infrared Spec-
troscopy (FTIR) may be used as a characterisation technique. In the literature [117–
119] there are several references about the use of this characterisation technique to
study the state of water inside Nafion membranes. Therefore, this technique may
have the potential to be used in the characterisation of possible different states of
water, induced by different concentrations of IL cation as well as different types of
IL cations incorporated in the membrane.
Extended research is still needed in order to deepen our understanding of the
phenomena taking place, in order to direct efforts for effective membrane design.
Further work using methodologies for measurement of membrane properties at
high temperatures is necessary aiming the assessment of the modified membranes
potential application as polymer electrolyte membranes. The ionic conductivity,
thermal stability, methanol and gas crossover of the modified membranes should
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be determined at high temperatures, followed by experimental work of these mem-
branes in fuel-cell operation for optimization purposes.
In what concerns the study of supported ionic liquid membranes for gas separa-
tions, several suggestions for improvement may be given: 1) testing the efficiency of
SILMs in different operating conditions regarding specific separations: high pres-
sures, high temperatures (up to 200 °C) and different compositions of binary gas
mixtures, ranging from pure CO2 to either pure N2 or pure CH4, depending on the
separation envisaged; 2) testing gases with different humidity contents and perform
long-term experiments.
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